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Preface 
The research work presented in this thesis was conducted for a PhD degree in 
Energy and Environmentally Efficient Technologies at the Department of Chemical 
Engineering, Biotechnology and Environmental Technology, University of 
Southern Denmark (Faculty of Engineering). The supervision of this PhD work was 
ensured by Professor Henrik Wenzel (SDU) and Professor Thomas Pretz (RWTH 
Aachen University). The main funding body was the Danish graduate school 3R 
Residual Resources Research. Furthermore, the work was closely linked to and 
partly financed by the TOPWASTE project (www.topwaste.dk) project. 
This PhD thesis consists of a synopsis of the research work presented in four 
published papers and one report published by the newly established Centre for Life 
Cycle Engineering. Throughout the thesis, the papers and report are referred by the 
names of the authors and the Roman numerals I – V (e.g. Cimpan et al. (IV)). The 
thesis is based on the following publications: 
I. Cimpan, C., Wenzel, H., 2013. Energy implications of mechanical and 
mechanical-biological treatment compared to direct waste-to-energy. Waste 
Management 33, 1648-1658. 
 
II. Cimpan, C., Maul, A., Jansen, M., Pretz, T., Wenzel, H., 2015. Central sorting 
and recovery of MSW recyclable materials: A review of technological state-
of-the-art, cases, practice and implications for materials recycling. Journal of 
Environmental Management 156, 181-199. 
 
III. Cimpan, C., Maul, A., Wenzel, H., Pretz, T., 2016. Techno-economic 
assessment of central sorting at material recovery facilities - the case of 
lightweight packaging waste. Journal of Cleaner Production. 112, 4387–4397. 
 
IV. Cimpan, C., Rothmann, M., Hamelin, L., Wenzel, H., 2015. Towards 
increased recycling of household waste: Documenting cascading effects and 
material efficiency of commingled recyclables and biowaste collection. 
Journal of Environmental Management 157, 69-83. 
 
V. Ciprian, C., Rothmann, R., Wenzel, H., 2015. Material flow analysis, carbon 
footprint and economic assessment of alternative collection and treatment of 
domestic household waste from the region of Funen, Denmark. Centre for Life 
Cycle Engineering, University of Southern Denmark, report 2015-01, ISBN 
no.: 978-87-93413-00-9. 
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In addition, the following publications have been made during this PhD work (not 
included in the thesis): 
Parajuly, K., Thapa, K.B., Cimpan, C., Wenzel, H. Informal recycling and 
electronic waste in Kathmandu, Nepal: Characterization and a proposal for future 
system evolution. Submitted to Habitat International. 
Hyks, J., Oberender, A., Hjelmar, O., Cimpan, C., Wenzel, H., Hu G., Cramer, J. 
2014. Shredder Residues: Problematic substances in relation to resource recovery. 
Environmental Report No. 1568. Danish Environmental Protection Agency. 
Shabeer Ahmed, N., Wenzel, H., Cimpan, C., Hansen, J.B. A Comparative Life 
Cycle Assessment of Thermal versus Mechanical Treatment Pathways for 
Recovering Resources from Shredder Residues. Submitted to Waste Management. 
 
Lastly, the work carried out during this PhD was presented at the following 
conferences: 
Cimpan, C., Rothmann, M., Wenzel, H. 2015. Optimization of resource recovery 
from MSW by combining source separation and central sorting – a case study for 
Funen, Denmark. The ISIE Conference 2015 – Taking stock of Industrial Ecology. 
Guilford, UK. 
Cimpan, C., Maul, A., Wenzel, H., Pretz, T. 2015. Insight into economies of scale 
for waste packaging sorting plants. 30th International Conference on Solid Waste 
Technology and Management, Philadelphia, PA U.S.A. 
Cimpan, C., Rothmann, M., Pedersen, N., Wenzel, H. 2013. The effects of Dual-
stream commingled collection of recyclables from households in Sønderborg, 
Denmark. 2nd International Conference WASTES: Solutions, Treatments and 
Opportunities, Sep. 11th-13th, Braga, Portugal. 
Cimpan, C., Wenzel, H. 2012. Alternative pathways of future energy and materials 
recovery from mixed MSW. Proceedings of the ISWA World Solid Waste 
Congress, Sep. 17th-19th, Florence, Italy. 
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Summary 
Waste treatment technologies develop over time, and so do background conditions 
on which waste management systems rely. During the last and expectedly also the 
coming decades, political developments have and will, thus, significantly change 
the framework conditions for optimizing waste management. 
The dominating future background conditions have been found to be defined 
especially by the development within three policy areas. Firstly, by increased efforts 
to ensure a proper management of material resources, providing stepping stones 
towards a “circular economy”, including enhanced targets for material recovery and 
recycling. Secondly, an increased integration of renewable energy in energy 
systems, motivated by objectives both to ensure energy supply security and to 
mitigate adverse impacts of global warming. Thirdly, by waste management 
policies themselves, including regulations like banning landfilling, schemes on 
taxes, fees and subsidies and last but not least, the liberalization and development of 
an international market for waste management services. 
With regard to materials recovery for recycling from municipal solid waste (MSW), 
current European waste policy prioritizes source separation and separate collection. 
However, there are noticeable economic and social limitations with this approach, 
which motivate a search for innovative solutions. Within the likely (and politically 
targeted) development of background energy production, the current “one size fits 
all” approach towards waste-to-energy (WtE), through continuous waste 
incineration, is likely to see its current climate benefits compromised in the long 
term. 
Current systems analysis methods and practices and specifically waste LCA models 
most often represent and evaluate the waste management sector in a much too 
simplistic interaction with its surroundings, accounting for a minimum of probable 
future system interactions/effects, many times through inconsistent methods and 
static representations of background systems. Their insufficiency in taking account 
of consequences of decisions towards implementation of different waste 
management strategies can compromise them as decision-supporting tools. As such, 
there is a need for advances in methodological aspects related to modelling 
effects/interactions with surrounding systems, including better convergence with 
economic modelling methods. 
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This PhD work investigated the role and implications of mechanical pre-treatment 
and central sorting as a key waste management technology for strategies to achieve 
both resource and energy recovery optimizations and to minimize climate impacts 
of waste management in the context of future framework conditions. The goal of the 
work was broken down to five main objectives: 
1) To review and expand the knowledge base on physical/mechanical treatment of 
municipal waste streams, including current state in technical development, 
process efficiency and economic aspects of sorting and separation systems.  
2) To design and simulate, through techno-economic analysis and material/energy 
flow modelling, alternative waste management systems which aim at increased 
material recovery and flexibility in utilization of waste-derived energy. 
3) To evaluate the feasibility of waste management systems based on central 
sorting and identify the advantages and disadvantages of such systems in terms 
of economy, climate impacts and resource recovery compared to systems based 
on direct WtE. 
4) To explore and quantify the significance of changing background conditions 
such as the overall Danish and European policy and ambitions for future 
renewable energy integration and climate change mitigation and how such 
changing background conditions influence the feasibility of central sorting 
compared to alternative systems. 
5) To identify and assess the significance of conditional synergies and other 
indirect effects occurring in background systems as a consequence of waste 
management decisions.   
Through the findings of this work, it can be concluded that waste 
physical/mechanical processing and sorting technology have reached a high level of 
technical maturity, and play a crucial role both in sorting and preparation for 
recycling of source-separated recyclable materials, and the processing of 
mixed/residual MSW streams. The concept of central sorting is already applied 
successfully in numerous places around the world, as an efficient strategy for 
“material specific treatment”, meaning to gain access to the various material groups 
in mixed or residual MSW, such as: (1) recyclable materials, (2) biodegradable 
organic fractions, for dedicated biological treatment, and (3) high-energy content 
fractions, for production of waste-derived fuels. From a resource recovery 
perspective, a strong motivation for residual MSW central sorting is its potential to 
support, or even be an alternative to, source separation and separate collection for 
recyclable materials, in areas where such programs are difficult to implement or 
optimize, such as urban agglomerations. 
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Alternative MSW management systems were simulated and evaluated, comprising 
numerous combinations of separate collection of mono- and commingled waste 
fractions as well as mixed residual fractions and comprising a variety of 
downstream treatment/handling approached to these fractions. All scenarios were, 
in turn, assessed and compared against a large variety of background system 
scenarios leading to a total of above a thousand waste management models. The aim 
was to create a robust platform for evaluating the feasibility of systems including 
central sorting against other systems, to understand the outcome of comparisons and 
their dependency on framework conditions and to establish a final ‘pattern’ of 
comparisons allowing a robust interpretation for decision making with respect to all 
aspects of feasibility, including aspects of resource recovery, energy efficiency, and 
climate impacts. 
Material recovery: The results reveal that very high recycling rates are possible, and 
that central sorting typically improves recycling rates for all material fractions 
except paper and cardboard. Further, with regard to the bio-waste fraction, there is 
an important issue of contamination/quality influencing the subsequent options for 
applying the bio-fraction. 
Energy efficiency: It was, further, found that the enhanced material recovery on the 
short-to-medium term does not happen at the expense of less energy recovery. On 
the contrary, when revealing the mechanisms of a liberal waste market leading to 
waste imports, the same or a higher amount of waste-derived energy could be 
supplied to the background energy system when including increased separate 
collection or central sorting. In a longer term perspective, systems which prioritized 
recovery of materials for recycling maintained higher GWP savings and were less 
vulnerable to the decreasing benefits from replacing energy produced in future 
background systems. 
Carbon footprint: The evaluation by carbon footprint (based on consequential LCA 
methodology), of reference (WtE) and alternative strategies to energy integration of 
waste derived biomethane and RDF, against different sets of background conditions 
representing the most probable future development of the Danish energy system, 
yielded a number of robust conclusions. In short-to-medium term, MSW 
management would see a decrease in GHG savings, consistent with the diminishing 
share of fossil fuels in the energy system being  displaced by the energy recovered 
from the waste. The ability to maintain net waste-derived GHG savings from waste 
energy recovery in a longer term perspective is found to be determined by the 
ability to integrate waste based energy production in the surrounding energy system. 
Therefore, the flexibility of waste derived energy supply and its ability to displace 
peak energy production, based on remaining fossil fuels or increasingly biomass, 
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becomes decisive to the resulting carbon footprint of MSW management. In a fully 
renewable background energy system, the nature of the marginal source for biomass 
would determine the magnitude of savings related to flexible waste-derived energy 
production. Systems based on central sorting, with production of storable RDF for 
intended utilization in the cold season in district heating networks, were indicated as 
especially relevant, and consistently attained net GW benefits in all modelled 
background situations superior to direct WtE. 
In Denmark specifically, but also relevant to other countries with large animal 
production within the agricultural sector, the provision of household biowaste, 
especially through separate collection, to manure-biogas systems, was shown to 
contribute substantial climate benefits and possibly also economic benefits. This 
was due to synergetic effects, whereby the availability of this high-C substrate: (1) 
would make it attractive to digest more manure, and thus avoid some of the burdens 
associated with direct manure application to land, and/or (2) would avoid the 
utilization of other (marginal) high-C co-substrates, which most likely are energy 
crops, the production of which comes in direct land use competition with food or 
feed crops. 
Implementation of strategies for increasing recycling and/or optimization of waste-
derived energy recovery in countries with self-sufficient waste management systems 
(such as Denmark) and high degree of WtE, can affect waste management 
operations in other European countries. Such indirect effects manifest themselves 
through market mechanisms, and are caused by direct consequences of such 
strategies on the utilization of existing waste treatment infrastructure, specifically 
capital-intensive, long-lived WtE infrastructure – i.e. if incineration capacity is 
released in a given WtE facility due to a separate collection scheme or the 
establishment of a central sorting facility, such capacity will soon be filled up by 
waste import. These effects are in most cases environmentally desirable, as a move 
up the waste hierarchy in a self-sufficient system seems to have the same 
implication in countries lacking treatment capacity, affecting marginal waste 
treatment (i.e. leading to reduction of landfilling). Moreover, short-to-medium term 
waste imports may act as a support mechanism to the gradual change in how waste 
is managed, from systems relying heavily on continuous WtE to systems 
prioritizing material recovery and storable waste-derived energy carriers. 
 
ix 
 
Dansk sammenfatning 
Affaldsteknologier udvikler sig over tid og det samme gør de baggrundssystemer og 
rammevilkår som affaldssystemer afhænger af. Gennem de sidste, og sandsynligvis 
også de kommende, årtier vil den politiske udvikling således i væsentlig grad ændre 
rammerne for optimering af affaldssystemernes indretning. 
De mest afgørende fremtidige baggrundsbetingelser defineres især af tre politiske 
områder. For det første af stigende bestræbelser for en bedre styring af samfundets 
materiale-ressourcer, på vejen med en ’cirkulær økonomi’, herunder forhøjede mål 
for materialegenvinding. For det andet af en omfattende omlægning af 
energisystemet til vedvarende energi, motiveret af ønsker om fortsat god fremtidig 
forsyningssikkerhed såvel som reduceret klimapåvirkning. For det tredje af den 
affaldspolitiske udvikling selv, herunder forbud mod affaldsdeponering, skatter og 
afgifter og sidst men ikke mindst af den øgede liberalisering og udvikling af et 
internationalt marked for affaldshåndtering. 
Hvad angår materialegenvinding fra kommunalt affald, prioriterer den aktuelle 
europæiske affaldspolitik kildesortering og separat indsamling. Der er imidlertid 
væsentlige økonomiske og sociale begrænsninger ved denne tilgang, som kan 
udgøre et grundlag for innovative løsninger. Inden for rammerne af den sandsynlige 
udvikling af energisystemet vil den nuværende ensrettede 
affaldsforbrændingstilgang, som indebærer en ikke-fleksibel, kontinuert 
energigenvinding, miste sine nuværende klimafordele på længere sigt. 
Hidtidige metoder og praksis for systemanalyse, især livscyklusvurdering, LCA, 
repræsenterer og vurderer oftest affaldssektoren i et for forsimplet samspil med sine 
omgivelser med et minimum af fremtidig interaktion og systemeffekter, i de fleste 
tilfælde gennem inkonsistente metoder og statisk repræsentation af 
baggrundssystemerne, og deres utilstrækkelige evne til at afspejle konsekvenserne 
af beslutninger om implementering af forskellige affaldshåndteringsstrategier er 
kompromitterende for deres brug i beslutningsstøtte. Der er derfor et behov for 
videreudvikling af metoder til at modellere effekten af interaktioner med omgivende 
systemer, herunder en involvering af økonomiske modelleringsmetoder. 
Dette PhD arbejde har undersøgt den rolle og de implikationer mekanisk for-
sortering og central sortering kan have som en nøgleteknologi i strategier for 
optimeret ressource- og energigenvinding og minimering af klimapåvirkningen fra 
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affaldshåndtering i lyset af fremtidens rammebetingelser. Projektets overordnede 
mål kan nedbrydes i fem del-mål: 
1) At gennemgå og udbygge den eksisterende viden om fysisk/mekanisk behandling 
af kommunalt affald, inklusive forståelsen af det nuværende stade for teknisk 
udvikling, proces-effektivitet og økonomiske aspekter af sorterings- og 
separations-systemer 
2) Gennem teknisk-økonomisk analyse og materiale- og energiflow modellering at 
simulere og designe alternative affaldssystemers, som sigter mod øget 
materialegenvinding og øget fleksibilitet i produktionen af affalds-relateret energi 
3) At vurdere egnetheden og konkurrencedygtigheden af affaldssystemer med 
central sortering og identificere de fordele og ulemper sådanne systemer har i 
form af økonomi, klimapåvirkning og ressourcegenvinding sammenlignet med 
systemer med affaldsforbrænding 
4) At afklare og kvantificere, hvor meget ændrede rammevilkår betyder for de 
relative fordele og ulemper ved central sortering, herunder Danmarks og EU's 
politik og ambitioner for vedvarende energi og reduktion af klimapåvirkning 
5) At identificere og vurdere betydningen af synergi og andre indirekte effekter i 
baggrundssystemerne, der opstår som konsekvens af beslutninger om 
affaldshåndtering   
Erkendelserne fra dette PhD arbejde peger på, at fysisk/mekanisk processering og 
sortering af kommunalt affald har nået et teknisk modent niveau og spiller en 
afgørende rolle i både sortering og forbehandling til genvinding af kildesorterede 
genanvendelige materialer såvel som af blandet rest-affald.  
Central sortering er allerede anvendt med succes flere steder verden over som en 
effektiv måde at genvinde de forskellige materialegrupper i kommunalt affald, 
herunder genanvendelige materialer, bionedbrydeligt organisk affald til særskilt 
biologisk behandling samt en mere energitæt ’refuse derived fuel’, RDF. Fra et 
ressourceperspektiv er en stærk motivation for central sortering denne tekniks 
potentiale for at supplere eller helt erstatte kildesortering og separat indsamling af 
genanvendelige materialer i områder, hvor sådan indsamling er vanskelig, så som 
tæt bymæssig bebyggelse. 
Gennem PhD studiet er simuleret og vurderet et stort antal alternative systemer til 
håndtering af kommunalt affald, herunder mange kombinationer af separat 
indsamling af mono-fraktioner, blandende fraktioner og restaffald og mange 
forskellige teknikker til videre behandling af disse fraktioner. Alle scenarier blev 
desuden vurderet og sammenlignet på baggrund af et stort antal forskellige scenarier 
for baggrundssystemerne, og i alt blev opstillet og sammenlignet mere end tusind 
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forskellige affaldssystem modeller. Formålet med denne store varietet var at skabe 
et robust sammenligningsgrundlag og at forstå, hvordan sammenligningen afhænger 
af antagelser om fremtidige rammevilkår, for herigennem at skabe et ’mønster’ af 
resultater for alternativernes relative fordele og ulemper mht. materialegenvinding, 
energieffektivitet og klimapåvirkning. 
Materialegenvinding: Resultaterne peger på et højt genvindingspotentiale generelt 
og på, at systemer med central sortering har den højeste materialegenvinding for 
alle materialekategorier på nær papir og pap. Mht. bio-affald peges på vigtigheden 
af kontaminering/kvalitet af den fraseparerede bio-fraktion for den videre 
anvendelse af fraktionen. 
Energieffektivitet: Studiet viser, at øget materialegenvinding fra separat indsamling 
eller central sortering – i affaldsoplandet for et forbrændingsanlæg – ikke sker på 
bekostning af ringere energigenvinding. Tværtimod blev det påvist, at der opnås 
samme eller højere energigenvinding, når der tages højde for 
markedsmekanismerne fra det liberaliserede marked for affaldshåndtering i EU. På 
længere sigt vil systemer, der prioriterer højere materialegenvinding, bevare en 
større klimafordel, idet de er mindre følsomme for den faldende fordel ved 
energifortrængning, der følger af udviklingen mod vedvarende energi i 
energisystemet. 
Carbon footprint: Evalueringen af carbon footprint baseredes på konsekvens-LCA, 
og sammenligningen mellem reference-systemet med affaldsforbrænding og 
alternative strategier for produktion af bio-methan fra bio-affaldet og RDF fra 
restaffaldet i fremtidens vedvarende energisystem gav en række robuste 
konklusioner. På kort til mellemlangt sigt falder klimafordelene ved 
energigenvinding fra affaldet som nævnt proportionalt med, at den fortrængte energi 
i energisystemet gradvis ændres til vedvarende energi. Affaldssystemets evne til at 
opretholde en netto klimagevinst er således fundet at afhænge af, hvor godt 
energigenvindingen fra affaldet kan integreres i den fluktuerende vedvarende 
energiproduktion. Fleksibiliteten af energigenvindingen fra affaldet og dens evne til 
at erstatte spidslast el og varme (dvs. de teknologier, der anvendes, når vinden ikke 
blæser) bliver derfor afgørende for klimagevinsten fra affaldshåndteringen. Sådan 
spidslast vil på kort til mellemlangt sigt sandsynligvis være baseret på fossile 
brændsler og på længere sigt på biomasse. I et vedvarende energi system vil det 
således være karakteren og oprindelsen af den marginale biomasse, der afgør hvor 
stor klimagevinst, der er fra fleksibel affalds-baseret energi-genvinding. 
Systemer med central sortering med produktion af et lagerstabilt RDF til brug for 
fjernvarme til spidslast i vintersæsonen, blev fundet klimamæssigt særligt attraktive 
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og blev fundet at opretholde netto klimagevinster og at være bedre end konventionel 
affaldsforbrænding under alle baggrundsbetingelser. 
Specielt for Danmark, men også relevant for andre lande med stor animalsk 
produktion i landbruget, er der store klimafordele og sandsynligvis også 
økonomiske fordele ved at anvende kildesorteret bio-affald som co-substrat i 
landbrugs-biogasanlæg baseret på husdyrgødning. Klimagevinsten opstår ved enten 
1) at tilvejebringelsen at et co-substrat muliggør mere biogas på husdyrgødning og 
derved medfører mindre udledning af klimagasser fra konventionel håndtering af 
husdyrgødning eller 2) at bio-affaldet erstatter andre co-substrater, mest sandsynligt 
energiafgrøder, og dermed undgår den klimabelastninger, der er forbundet med 
disse. 
Implementeringen af øget materialegenvinding i lande med fuld 
affaldsbehandlingskapacitet, herunder fuld forbrændingskapacitet, som fx Danmark, 
kan påvirke et stigende internationalt marked for affaldshåndtering og dermed 
affaldshåndteringen i andre lande. Når affaldsstrømme kanaliseres væk fra 
investeringstung, eksisterende infrastruktur med lang restlevetid som 
affaldsforbrændingsanlæg, fx via separat indsamling eller central sortering til øget 
materialegenvinding, udbydes dennes kapacitet på markedet og affald importeres. 
Det afføder, at den marginale affaldshåndtering på markedet undgås, og dette er 
deponi. Sådanne kaskade-effekter er i de fleste tilfælde miljømæssigt fordelagtige. 
Affaldsimport kan på kort til mellemlangt sigt fungere som en økonomisk favorabel 
overgang i en gradvis afvikling af affaldsforbrænding, idet importeret affald kan 
understøtte eksisterende forbrændingsanlæg i deres restlevetid, mens investering i 
ny kapacitet undlades. 
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Definitions 
In the following, a list of relevant terms used within this thesis, and their 
definitions/explanations is included: 
Municipal Solid Waste (MSW): Broadly defined as “waste from households, as 
well as other waste which, because of its nature or composition, is similar to waste 
from households” (Directive 1999/31/EC).  
Packaging and packaging waste: According to Directive 1994/62/EC 'packaging' 
shall mean all products made of any materials of any nature to be used for the 
containment, protection, handling, delivery and presentation of goods, from raw 
materials to processed goods, from the producer to the user or the consumer. 
Mixed vs. Residual MSW: Mixed MSW is collected in a system in which no 
separate collection is present, while residual MSW is the leftover mixed residual 
stream in systems with separate collection of one or more source separated streams. 
Source separation efficiency: Is a quotient of mass of a waste material segregated 
into a separate stream at the source of generation, relative to the total mass 
generated of that material. 
Separate collection: Collection where a waste stream is kept separately by type or 
nature so as to facilitate a specific treatment (Directive 2008/98/EC).  
Kerbside collection: Separate collection system, categorized as property close 
collection, which addresses every single residence (both single-family and multi-
family). 
Bring and public collection: Public collection systems (e.g. bring or cube systems, 
civic amenity sites or recycling centres) are shared by a larger number of citizens 
and involve individual transport in order to deliver the recyclable waste materials. 
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Materials Recovery Facility (MRF): Generic term for specialized installations 
which receive different mixed waste streams containing recyclable materials and 
separate recyclable materials into different categories and material types (output 
products), using physical processing techniques, such as combinations of 
mechanical, pneumatic, sensor-based processes and some degree of manual sorting 
and quality control. 
Combustion-based waste-to-energy (WtE): Mass burn incineration based on 
thermal conversion processes in the presence of surplus air. It releases the energy 
contained in the chemical matrix of waste in the form of heat and produces solid 
residues as well as flue gas which is cleaned before release into the atmosphere. 
Biomass: Material of biological origin (plants or animal matter), excluding material 
embedded in geological formations and transformed to fossil fuels or peat. 
Refuse Derived Fuel (RDF) vs. Solid Recovered Fuel (SRF): Both denote solid 
recovered fuels, which are high calorific waste mixtures separated by mechanical 
processing from residual MSW, with the important distinction that SRF is prepared 
to meet certain quality requirements (based on quality standards), which make it 
suitable for certain co-combustion processes with conventional fossil fuels in 
industrial plants (Velis et al., 2010).  
Greenhouse gases (GHGs): Greenhouse gases are those gaseous constituents of the 
atmosphere, both natural and anthropogenic, that absorb and emit radiation at 
specific wavelengths within the spectrum of thermal infrared radiation emitted by 
the Earth’s surface, the atmosphere and clouds. This property causes the greenhouse 
effect. Water vapour (H2O), carbon dioxide (CO2), nitrous oxide (N2O), methane 
(CH4) and ozone (O3) are the primary greenhouse gases in the Earth’s atmosphere. 
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1 Introduction 
The framework conditions around the waste sector are changing and will continue 
to change considerably in the future, from: (1) a substantial focus on material 
efficiency and the “circular economy”, which sets priority on waste prevention and 
recycling, to (2) increased integration of renewable and fluctuating energy sources 
in the energy system, which calls for the/a reassessment of the role of WtE, to (3) 
measures that will establish a well-functioning European waste market, aimed at the 
optimal utilization of treatment capacities.  
Comprehensive and strategic waste management planning is more important than 
ever and should address future background conditions in order to avoid miss-
optimization and/or technological lock-in effects, because waste management 
strategies imply collection and treatment infrastructure with considerably long 
lifetimes and major capital investment needs. Expansion of methodological aspects 
related to modelling effects on background systems within systems analysis tools, 
specifically waste LCA models, is essential to further legitimize them as decision-
supporting tools, but also to ensure that relevant systems integration opportunities 
are not missed. 
Physical/mechanical processing of municipal solid waste (MSW), represented by 
materials recovery facilities (MRF), mechanical and mechanical-biological pre-
treatment (MBT), plays a pivotal role in integrated waste management systems. 
Such installations are essential in: (1) recovery/sorting and preparation of recyclable 
materials for recycling, (2) diversion from landfill and proper treatment of 
biodegradable materials in mixed MSW, in areas without combustion-based waste-
to-energy (WtE), and (3) preparation of waste-derived fuels. In Europe, different 
options are seen as possible solutions for reaching recycling and/or landfill 
diversion targets in countries with growing, yet insufficient treatment capacity (e.g. 
the UK, Greece, Poland and other Eastern European countries), but also in countries 
with self-sufficient integrated waste management systems, such as Denmark, 
Norway and the Netherlands, which are reconfiguring their systems to achieve 
higher recycling rates and optimize environmental benefits.  This work revisits the 
concept of central sorting which, despite not being a novel one, presents 
unexploited potential in being pivotal for waste management system integration, in 
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particular in the context of technological developments which nowadays can 
support applications that in the past were not feasible.  
1.1 Objectives of this PhD work 
The overall goal of this thesis is to provide increased understanding of the role and 
implications of mechanical pre-treatment and central sorting as a key waste 
management technology for strategies to achieve both resource and energy recovery 
optimizations and to minimize climate impacts of waste management in the context 
of future framework conditions. The overall goal can be broken down to the 
following objectives: 
1. Review and expand the knowledge base on physical/mechanical treatment of 
municipal waste streams, including current state in technical development, 
process efficiency and economic aspects of sorting and separation systems.  
2. Design and simulate, through techno-economic analysis and material/energy 
flow modelling, alternative waste management systems which aim at increased 
material recovery and flexibility in utilization of waste-derived energy. 
3. Evaluate the feasibility of waste management systems based on central sorting 
and identify the advantages and disadvantages of such systems in terms of 
economy, climate impacts and resource recovery compared to systems based on 
direct WtE. 
4. Explore and quantify the significance of changing background conditions such 
as the overall Danish and European policy and ambitions for future renewable 
energy integration and climate change mitigation, as well as the manner in 
which such changing background conditions influence the feasibility of central 
sorting compared to alternative systems. 
5. Identify and assess the significance of conditional synergies and other indirect 
effects occurring in background systems as a consequence of waste management 
decisions.   
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1.2 Content of the thesis 
The structure of this thesis is as follows: 
Chapter 2: Describes the context and specific framework conditions which create 
synergies between MSW management and other societal sectors, the exploration of 
which has been a key motivation for this work. 
Chapter 3: Discusses key aspects of systems analysis, in particular the LCA 
methodology as a decision-supporting tool, and presents the methodological 
framework used in this work to model and account for effects on background 
systems. 
Chapter 4: Provides an account of the current development of physical/mechanical 
treatment of MSW, including: (1) a review of the current state of separation and 
sorting of recyclable materials from commingled collection systems and 
alternatively recovered directly from mixed residual streams (Cimpan et al., II), (2) 
implications of mechanical and mechanical-biological pre-treatment on the energy 
balance of residual MSW treatment (Cimpan and Wenzel, I), and (3) a techno-
economic assessment of material recovery facilities (Cimpan et al., III). 
Chapter 5: Presents the methods and results following the design and evaluation of 
future synergy-based system alternatives. This was realized through two case 
studies which substantiate the potential for resources/energy recovery and carbon 
footprint implications of future synergy-based system strategies within the Danish 
waste sector (Cimpan et al., IV and V).  
Chapter 6: Highlights and discusses some of the most important findings of the 
research. 
Chapter 7: Concludes on the outcomes of the research. 
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2 Waste management in synergy with 
background societal development  
2.1 The drive towards a fossil-free energy system 
In 2011, the Danish government formulated Denmark’s low-carbon development 
strategy as a set of ambitious targets for climate and energy policy (Danish 
Government, 2011). The long-term target under this platform is a fossil-free energy 
system by 2050, and implicitly, to achieve a reduction of total greenhouse gas 
(GHG) emissions of 80% - 95% by 2050 compared with 1990 levels. Following the 
political agreement reached in 2012 (Danish Government, 2012) and the “Danish 
Climate Policy Plan” published in 2013 (Danish Government, 2013), both long-
term and mid-term milestones were cemented: (1) all energy supply to be covered 
by renewable energy by 2050, (2) electricity and heat supply to be covered by 
renewable energy already by 2035 and (3) coal to be phased out from Danish power 
plants and domestic oil furnaces by 2030. An ambitious action plan was to be 
implemented to achieve the first steps by 2020, namely 50% of electricity demand 
to be covered by wind and a 40% reduction on GHG emissions. 
Concurrently, ambitious targets such as the Danish ones were set in a number of 
other European states.  In neighbouring Germany, a stepwise expansion of 
renewable energy has been decided, with the goal of reaching 80% of gross 
electricity consumption by 2050 (BMWI and BMU, 2010) and the long-term vision 
is also of carbon neutrality (Federal Environment Agency, 2013). Likewise, the 
United Kingdom has set ambitious goals for an 80% reduction in GHG emissions 
by 2050 (Department of Energy and Climate Change, 2011), while Sweden has 
similar plans to become carbon neutral by 2050, with a short-term objective of 50% 
renewable energy by 2020 (Regeringskansliet, 2010). 
Overall, such initiatives are in line with the EU’s "Roadmap for moving to a 
competitive low carbon economy in 2050", which has the long-term target of 
cutting emissions from all sectors by 80% compared to 1990 levels. Energy is seen 
as the sector with the greatest potential and it is addressed by the "Energy Roadmap 
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2050" (European Commission, 2011a). The short-term steps towards these goals are 
delineated in the 2020 Climate and Energy Package and, more concretely in 
legislation such as the EU Renewable Energy Directive, under which EU member 
countries have taken on binding national targets for raising the share of 
renewables in their energy consumption by 2020. 
In Denmark, in 2013, wind power generation was equivalent to 32.5% of domestic 
electricity supply (DEA, 2015). Calculated based on the formula from the EU 
Directive on Renewable Energy, in 2013 Denmark’s renewable energy share of the 
final energy consumption was 26.7%. The share of renewable energy supply to 
electricity and heat production was 29.7%. 
2.2 Waste management strategies in synergy with the 
future energy system 
To achieve increased integration of fluctuating renewable sources such as wind and 
solar into the electricity grid, the development of so-called smart grids is essential 
and has attracted significant attention in Denmark. Lund et al. (2013) list significant 
research that has gone into different aspects, such as flexibility in the production 
system, flexibility in demand, flexibility in using storage systems and improved 
integration between energy sectors.  
A number of projects and studies addressed how a system based fully on renewables 
will have to look and function. Most of these studies are holistic energy system 
analyses (Lund and Mathiesen, 2009; Lund et al., 2011; Energinet.dk, 2010; DEA, 
2014b; Mathiesen et al., 2015) and among other things, they reveal the overall 
implications of how to integrate the fluctuating wind power production, and how 
much biomass is required by the system. They all point to a minimum need for a 
biomass potential of around 35-50% of the overall energy consumption. There are 
several obvious reasons why biomass and bioenergy are essential to reach the final 
stages of an energy system entirely free of fossil sources. Its key advantage rests in 
the fact that it is storable and as a source of carbon can be converted to different 
fuels, which can be utilized as means to balance power and heat production from 
fluctuating renewables and also within areas of the transport sector that cannot be 
electrified. Consequences of alternative bioenergy pathways, in terms of conversion 
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technologies and biomass sources, in the Danish energy system in the time frame 
2013 to 2050 were investigated by Wenzel et al. (2014) and they found that biomass 
is a key, but also a constrained resource, which has to be used intelligently in the 
system and prioritized for the most necessary applications, if overall biomass 
demand is to be kept at a sustainable level. 
2.2.1 Biodegradable organics in household waste  
Thus, conversion to renewable energy in electricity and heat production requires 
expansion of both wind and biomass sources. In the effort to use domestic biomass 
resources efficiently and to achieve greenhouse gas reductions from agriculture, 
biogas production has been given priority in Denmark. To fulfil the objectives 
decided upon in the 2012 political agreement, the Danish Energy Agency estimated 
that production of biogas has to reach 16.8 PJ/year by 2020 (DEA, 2014a). In 2013 
this figure stood at 4.3 PJ/year. 
One of the main biomass resources for biogas production are animal slurries 
(manure), amounting to approximately 37 million tonnes per year. The estimated 
available energy potential from animal manure in Denmark lies at 21-30 PJ/year 
(Hamelin, 2013). In this sense, the Danish government’s "Green Growth" 
agreement from 2009 included a target for "up to 50% manure [to] be used for 
green energy in 2020". Despite substantial economic incentives (subsidies) that are 
being used to support this target, today still only 7-8% of manure is used for biogas 
production and projections show that between 20-35% will be achieved until 2020.  
All existing centralised biogas plants in Denmark receive industrial organic waste in 
order to increase biogas production. It is generally accepted that the admixture of 
waste is crucial for the economic feasibility of these plants (DEA, 2014a). In their 
socio-economic analysis, Nielsen et al. (2002) found that centralized biogas plants 
were economically feasible under Danish preconditions without investment grants if 
gas yields of 25-34 m
3
 biogas per m
3
 biomass treated were obtained. These levels 
could normally be achieved by waste admixing rates of 10-21 % of total biomass 
amount treated. These rates depended on the treatment capacity of the plant as the 
authors found that considerable economies of scale occur. In simple terms, the 
addition of biomass with higher biogas potential than manure compensates for low 
manure gas yield. From a company perspective, Nielsen at al. (2002) concluded that 
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a treatment fee of 14 DKK/m
3
 manure would be necessary to balance the economy 
of biogas plants based solely on manure.  
The potential for biomass for biogas production in Denmark, other than animal 
manure, was estimated to 20-40 PJ/year by Birkmose et al. (2013), with the largest 
resource being straw (11.3-25.5 PJ/year), followed by municipal biowaste (2.5-3.4 
PJ/year) and grass cover from natural areas (2.1-3.1 PJ/year). They estimated that 
available organic industrial waste is already depleted and that there are significant 
challenges with all other types of biomass, such as small potential, high costs or 
technological challenges with preparation of biomass for use in biogas plants. In the 
case of biowaste from households, the challenge is the lack of separate collection. 
Danish consultants NIRAS estimated that the value lost due to biowaste not being 
available could be as high as 100 MEuro per year. Therefore, co-digestion of 
biowaste from households with animal manure is particularly relevant for Denmark. 
Biomass from energy crops (maize, clover grass, and sugar beet) is counted with a 
substantial potential towards 2020, although policy measures for reducing their use 
as co-substrates are also currently being taken. According to the Danish Energy 
Agency, production of biogas from energy crops is more expensive than from most 
other resources, while biowaste is the cheapest resource available. Taking the above 
into consideration, a future increase in separate collection of household biowaste is 
bound to have an effect on manure-biogas. The availability of more of this cheap 
resource with high biogas potential will: 
 Make it attractive for biogas plants to treat more manure, and 
 Will displace other high-C co-substrates in use, specifically the marginal co-
substrate on the market.  
With regard to flexibility of power production, biogas can be upgraded in various 
ways to natural gas grade (biomethane), can be injected and stored in the existing 
natural gas grid. As such, biomethane could be used based on market demand, for 
balancing power production, as well as for transport fuel. 
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2.2.2 Combustion-based waste-to-energy (WtE) 
Waste contributed around 38 PJ to primary energy production in 2013 (Denmark), 
through the direct combustion in waste CHP plants of around 3 Mt of household, 
commercial and industrial waste. Among European countries with large incineration 
capacities, the Danish plants seem to contribute with the largest shares of electricity 
(4-5%) and district heating (18-20%), pertaining to their good integration in the 
energy system. 
 
Figure 1: Waste-derived energy in countries with large incineration capacity (DEA, 2014c; 
Massarutto, 2015; Federal statistical office, 2014) 
With regard to flexibility, waste incinerations facilities today, much like other 
conventional solid fuel power plants, are able to adjust to a certain extent their 
operation and outputs to the energy market. They can do this by ramping up or 
down their capacity utilization rates between 70% and 100% without compromising 
technical parameters such as temperature levels (linked to emission levels) and 
energy recovery efficiency. Plants built in extraction mode can also vary the ratio 
between power and heat production. However, reaction times are slow (up to a few 
hours) with such variations. Most importantly, incineration plants cannot easily be 
shut down and started again. One of the main reasons for this is the highly reactive, 
non-storable feedstock, i.e. residual waste and similar with high proportions of 
biodegradable materials which require immediate utilization. From an economic 
point of view, the installations have very high investment and operational cost, and 
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combined with the necessity to treat the incoming, non-storable waste, this implies a 
need for more or less continuous operation through their 20-30 year lifespans 
(Wilts, 2012). 
Flexibility limitations of combustion WtE plants can only gain prominence in a 
background energy system with increasing shares of renewables. In terms of power 
production, the “window of opportunity” when such plants could contribute with 
regulating/balancing power will decrease dramatically, leaving them in a constant 
state of competition with wind power in particular , which has the smallest marginal 
cost of all electricity supplies to the grid. Denmark is very well connected and 
integrated in the Nordic energy system, however, developments in the neighbouring 
countries are envisaged to follow a similar course, as previously described, and 
therefore transmission lines are unlikely to expand the “window of opportunity” by 
much for WtE plants. Also for heat production, wind power is expected to be the 
future energy supply through heat pumps on the district heating grids, which in 
several studies were proven to be socio-economically competitive (DEA, 2014d). 
Thus, future heat supply in the renewable energy system will also compete with 
wind power prices and become less attractive during periods of high wind. 
However, if heat production from solid waste could be concentrated in the cold 
season for peak-load heat supply it could replace other sources, such as natural gas 
in the short-to-medium term, and increasingly biomass in the longer term, as such 
boilers using such fuels may be the alternative for peak heat supply and in general 
for supply during low wind periods. This however calls for converting non-storable 
residual waste streams and similar to at least temporarily storable streams. This is 
possible with existing, widely used, mechanical and mechanical-biological 
processing techniques, which can convert part or the entire waste stream into 
storable refuse-derived fuels (RDF).  
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3 Decisions supported by sufficient 
understanding of consequences 
3.1 Life Cycle Assessment of waste management 
systems 
As Finnveden (2000) stated, “the purpose of systems analysis is to provide facts and 
proofs” which help decision making. Among systems analysis methods, in the last 
decade, life-cycle assessment (LCA) has gained consensus as a reference valuation 
tool for integrated waste management systems (Laurent et al., 2014). Despite this, 
LCA has also received criticism. The past lack of methodological standardization, 
which left many key assumptions to the discretion of scientists and practitioners, 
has been alleviated in recent time by an increased recognition of the value of LCA 
and life cycle thinking in evaluation of strategies at EU level. This was followed by 
subsequent endeavours to harmonize LCA methodology (European Commission, 
2011b, European Commission, 2010b, European Commission, 2010a). 
With regard to the assessment of waste management, Ekvall et al. (2007) identified 
a number of methodological weaknesses that determine restrictions in the 
applicability of LCA as a decision-support tool in waste management planning and 
policy-making. Among these were the failure of typical LCA models to address 
system dynamics and effects on background systems. Essentially, the critique 
addressed the static nature of how the system structures are constructed / modelled 
and the fact that average data is often used when modelling effects on background 
systems, such as energy systems. Due to this, Ekvall et al. (2007) argued that 
traditional LCA modelling could only provide a reflection of the past environmental 
efficiency of waste management systems and, therefore, has limited usefulness for 
identifying suitable future waste management strategies. Waste management 
planning could imply strategies that consider infrastructure with considerably long 
lifetimes, and future background conditions have to be addressed in a 
comprehensive manner in order to avoid miss-optimization and/or lock-in effects.  
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Consequential LCA was developed specifically as a method to address interactions 
with background systems, which are a direct or indirect consequence of decisions 
taken in the system under assessment (Earles and Halog, 2011). Waste management 
LCAs based on consequential methodology is intended to cover all relevant induced 
and avoided processes that occur as a consequence of the given waste management 
path. This is done through system expansion and the use of marginal data. Marginal 
data refers to processes and technologies that respond, due to economic causal 
relationships, to marginal changes in supply/demand of goods/services determined 
by the decision under study (Ekvall et al., 2005, Ekvall and Weidema, 2004, Guinee 
et al., 2011).  
The strength of consequential LCA is its convergence with economic modelling 
methods. Essentially this is what makes it suitable to support decision-making 
processes, since economic modelling plays a prominent role in national policy-
making and strategic environmental planning (Earles and Halog, 2011). In many 
areas of research, LCA models are increasingly operated concurrently or attempts 
are made to integrate economic models in order to pinpoint and measure indirect 
effects, which denote environmental consequences that are outside the physical 
supply chain and are instead generated by market forces. Such an example is the use 
of econometric models, based on partial or general equilibrium, to measure indirect 
effects resulting from increased demand of biofuels and biomass, which translate 
into impacts from indirect land-use changes (ILUC).  
Ekvall et al. (2007) recommend the use econometric models and dynamic 
optimization models to identify marginal affected technologies and processes. 
However, waste management LCA assessments which take into account the 
dynamic nature of the energy system and flexibility requirements, for example, are 
not currently undertaken (Münster et al., 2015; Tonini, 2013). In the same way, 
energy system analysis tools at most have a simplified representation of waste 
treatment technologies and cannot run prioritization between energy production and 
material recycling options. Beyond substitution effects with energy systems, global 
biomass production and virgin materials production, some of the interactions 
between waste management systems and background systems might occur through 
markets for which specific economic models do not exist (e.g. combustible waste 
market). The first steps towards comprehensive integration of the Danish waste-to-
energy sector in an energy system model (including both spatial and temporal 
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dimensions) have been taken in the strategic research project TOPWASTE 
(Münster et al., 2013; Münster et al., 2015). 
One of the major objectives of this PhD work was to design and evaluate alternative 
waste management systems, including systems in which central sorting plays a key 
role, which under future prevailing background conditions in Denmark, would 
benefit from synergies with background systems. This could be by certain areas of 
waste management partly supporting other priority sectors or by providing, in 
general, functional outputs (such as recovered energy) with characteristics most 
suited to integration in future background systems. The interactions with these 
background systems are of key importance and, therefore, their assumed nature can 
be decisive to the results. These background systems change over time and some of 
the key systems, such as the energy system, virgin biomass production and waste 
management systems in general (including landfilling in Europe) are expected to 
change significantly over the next decades. In order to ensure a robust comparison 
of alternative waste management systems and to provide a robust assessment for 
investment decisions, a major undertaking of this work was to compare alternatives 
against these background systems as they can be expected to develop over time.  
The essential background systems identified in this work comprise:  
 The energy systems (grids) of heat and electricity and their possible 
development towards 2050, distinguishing between non-flexible and flexible 
production for both electricity and heat production; 
 Manure biogas systems, agricultural soil systems and mineral fertilizer 
production; 
 Virgin material production systems of recovered material fractions;  
 Virgin biomass production and the possible origin of this biomass based on 
demand scenarios; 
 European MSW management and combustible waste markets. 
Although the evaluation step has not resulted in the performing full LCA 
assessments, a solid groundwork has been laid in this PhD study through techno-
economic analysis and carbon footprint assessment. 
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3.1.1 Accounting for system flexibility  
A way to account for system flexibility in waste management LCA models was first 
attempted in the case studies undertaken in this PhD work (Cimpan et al., IV and 
V). At its core, the method consists of distinguishing waste-derived energy 
production in two categories: continuous (non-flexible) and flexible. Continuous 
production is associated in this work with baseload power and/or heat production 
from plants, which due to technical or economic constraints run more or less 
continuously throughout the year with breaks only for planned maintenance or 
service. Flexible production is associated with balancing or peak production, which 
denotes energy specifically supplied to the grids in times of the highest demand for 
heat/electricity. Combustion WtE facilities were associated partial flexibility, while 
biomethane utilization for power and RDF utilization for heat were associated full 
flexibility.  
The two different types of production are then credited with substitution of similarly 
produced energy in the background energy systems.  
The description of future prevailing background conditions is a major challenge due 
to inherent uncertainty. Seeking solely a predictive approach to constructing future 
scenarios is believed to be insufficient, therefore, an explorative approach is 
suggested, whereby different potential future developments and situations are 
considered (Wenzel et al., 2014). With the application of this method, dealing with 
future perspectives on waste management and the surrounding background systems, 
“uncertainty cannot be handled at the technical, routine level, such as statistical 
methods” (Finnveden, 2000). The implication is that LCA results become 
“conditional” or “circumstantial”, meaning that a given result is valid under a given 
set of framework conditions and assumptions. The goal is to “find aspects that are 
critical for the results” regarding background developments (Finnveden et al., 
2005). 
In this work, the scenarios for future background conditions were based on the 
previous work of Wenzel at al. (2014). This included the identification of the most 
likely candidates for marginal electricity and heat supply (both continuous and 
flexible production) in the period 2013 to 2050, which relied on basic energy 
system projections made by the Danish Energy Agency. The probable candidates 
for responding biomass supplies (important for future energy production) 
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considered large scale global biomass demand on the longer term, and were 
determined by using a partial equilibrium econometric model called GLOBIOM 
developed by the International Institute for Applied Systems Analysis (IIASA). 
3.1.2 Accounting support for manure-biogas 
As previously described in section 2.2, Denmark is in the specific situation of 
having very high potential for production of biogas-based renewable energy by 
digestion of animal slurries. Countries with similar high production of livestock for 
which such an approach could be relevant are Germany, the Netherlands, Spain and 
France (agricultural production statistics – livestock, Eurostat 2014). 
In a consequential perspective, the biowaste made available by source separation of 
food waste from households can constitute a co-substrate to manure, thereby 
enabling extra manure quantities to be digested and/or substituting for the use of 
other marginal co-substrates, such as energy crops. Both indirect effects are 
determined by market forces, and most likely would occur at the same time. In this 
work they were modelled separately, thus showing a possible interval for benefits 
related to such effects.   
For the first effect, the modelling approach essentially weighs the benefits and 
burdens of the extra manure-biogas production against the burdens and savings 
associated with conventional manure management, which is storage and application 
on land without any additional treatment. Net benefits connected to manure-biogas 
were shown significant by Hamelin et al. (2011) and Hamelin (2013). For the 
second effect, the burdens and benefits of use of biowaste as a co-substrate are 
weighted against the use of an energy crop, which is associated with both direct and 
indirect land use changes. The substitution ratio between biowaste and energy crops 
should be based on methane yield. The impact of using maize as a co-substrate 
compared to a number of alternatives has been previously measured by Hamelin et 
al. (2014), and the same approach was used in this work. 
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3.2 Self-sufficient waste management systems and a 
European waste management marginal 
3.2.1 A new understanding of the “self-sufficiency principle” in 
EU waste management 
The principles of self-sufficiency and proximity, stipulated in Article 16 of the EU 
Waste Framework Directive (WFD, Directive 2008/98/EC), were intended to 
promote the local development of treatment infrastructure and avoid the export of 
the “waste problem” to other communities. Waste trade was initially highly 
regulated, but thereafter, certain derogations were included in the legal basis and the 
principle was not applicable to waste derived materials that were intended for 
recycling or recovery of resources (Dubois, 2013). The obvious reason for this was 
that specialized recycling industries cannot be, in many cases, established locally. 
The revised WFD emphasized the further liberalization of waste markets and the 
establishment of solutions that "shall be designed to enable the Community as a 
whole to become self-sufficient in waste disposal, as well as in the recovery of 
waste" (Art. 16). While pure disposal is still subject to territorial restrictions, waste 
trade is increasingly accepted whenever it can be considered as a resource for some 
other productive cycles. In the case of combustion WtE, a conventional threshold 
has been established through the R1 efficiency factor (based on energy recovery 
efficiency), to separate/redefine incineration into recovery and disposal operations. 
Non-hazardous combustible waste can be traded freely towards newly defined 
recovery facilities. 
Between 1995 and 2013, MSW landfilling in EU-28 has decreased by around 50%. 
However, landfilling still accounted for the largest share of MSW treatment in 
2013, i.e. 30% of the 243 Mt of generated waste, while material recycling and 
biological treatment accounted together for 42% (27% and, respectively 15%) and 
incineration for around 26% (Eurostat, 2015). In total, around 110 million tonnes of 
municipal waste are still being landfilled in Europe (EU-28, plus Iceland, Norway, 
Switzerland and Turkey (Eurostat, 2015)). 
The associated (excluding Turkey) total incineration capacity in 2010 was estimated 
by Wilts and von Gries (2014) at 77 Mt (448 facilities). According to CEWEP (the 
Confederation of European Waste to Energy Plants), the European incineration 
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capacity is projected to grow with 13 Mt until 2020 (48 new plants and upgrading of 
some existing facilities). Wilts and von Gries (2014) also estimated the total 
installed MBT capacity at 28 Mt in 2010, while Nelles et al. (2012) reported that in 
2011 there were more than 330 MBT facilities in Europe, totalling a capacity of 33 
Mt, and further projected this to reach 46 Mt by 2017. Thus, total residual MSW 
treatment capacity in 2020 could be as high as 125 Mt, which is around 50% of total 
generated municipal waste in EU-28 today (which would fit with the target of the 
WFD for 50% MSW recycling). However, the use of MBT does not preclude WtE 
as, on average, more the 50% of the output from MBT is suitable for some form of 
combustion, and an even larger WtE capacity would be sustainable. 
3.2.2 WtE overcapacity and trade of combustible waste  
Waste incineration capacity in Europe is concentrated in Central and Northern 
Europe, in countries which have been very successful in diverting nearly entirely 
municipal waste from landfills through high landfill taxes and outright bans on 
landfilling (i.e. Austria, Belgium, Denmark, Germany, the Netherlands, Sweden and 
Switzerland). Today, these countries also display the highest municipal waste 
recycling and biological treatment rates. However, strategies to reach higher 
recycling rates, combined with decreasing or stable waste generation in the last 
years, has led also to growing overcapacities for waste incineration. Overcapacities 
manifest themselves into economic pressure on WtE facilities to find other sources 
of waste, not in the least because most of these facilities deliver an important, and 
contracted, service in the form of electricity and/or heat production to households 
and industry, but also because of high sunk capital costs which have to be recovered 
over long lifetimes. 
In Cimpan et al. (IV) we estimated, based on a number of existing publications, 
such as Friege and Fendel (2011), Jofra Sora (2013), Miljøstyrelsen (2014), 
Sundberg and Bisaillon (2011) and Vos (2012), that the total incineration 
overcapacity in Europe  today is between approximately 5 and 7 million 
tonnes/year. A large part of this overcapacity is already utilized today, through 
existing waste shipments or more local supplements like commercial and industrial 
waste or residual biomass. The United Kingdom is by far the largest exporter of 
combustible waste in the form of low quality RDF, pre-processed from MSW, but 
also commercial and industrial waste. In 2013, the United Kingdom exported 
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around 1.5 million tonnes (Eunomia, 2013). The United Kingdom has adopted 
export as a wilful strategy until domestic treatment capacity will cover all waste 
generated.  
Despite there being a great potential to further reduce the large amounts of waste 
still landfilled in Europe by using existing waste-to-energy infrastructure in 
countries which are already self-sufficient and experience overcapacity, this 
potential is not fully utilized today. Sundberg and Bisaillon (2011) concluded in 
their report that, currently, there are not enough economic incentives for “landfilling 
countries” to export for incineration, while Sahlin et al. (2013) stated that current 
exports are driven by high alternative costs occurring in only a few individual 
countries (e.g. the United Kingdom). Efficient waste-to-energy plants cannot 
compete with low-cost landfilling. These observations partly reflect the big 
difference in national strategies, with regard to diversion of waste from landfill and 
waste-related taxes in EU member states (Dubois, 2013). The lack of a well 
working market for combustible waste can be identified as the reason for which 
investments into incineration facilities are associated with lock-in effects and 
overcapacity. Thus, low incineration gate fees, are seen as a threat to recycling and 
biological treatment (Wilts, 2012; Friege and Fendel, 2011). 
3.2.3 Landfilling as short-term marginal waste management 
In comparative waste LCAs, a reference management system is always modelled 
besides alternative systems, which are options for implementation put forward to 
decision makers. This is done provided that the study is not a purely theoretical one 
which does not address system changes, such as for example Christensen et al. 
(2009b). When the reference system still has some degree of landfilling, 
implementation of recycling programs and WtE are intended to directly divert waste 
from the least desired management option, which is landfilling. This direct effect is 
reflected in the difference in assessment results between the reference and 
alternative systems. When assessing self-sufficient management systems, such as 
the Danish system, the reference in based already on recycling and WtE, while 
landfilling is consigned to waste fractions that cannot be recovered. In such systems 
the objective of strategic planning is constituted by optimization measures, such as 
increasing recycling and better use of WtE. The former, strategies for increasing 
recycling, can only divert waste that was previously combusted, thus affecting WtE 
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capacity utilization. If the system boundaries are not extended to include effects on 
existing WtE capacity, every assessment can only show the effects of increased 
recycling and reduced WtE. As such, it always becomes a question of which of 
these two approaches is more environmentally beneficial for the materials which are 
intended for diversion, a question made difficult in systems such as the Danish one, 
characterized by very efficient CHP WtE. However, to assume that if recycling 
increases there will simply be less WtE, would be a mistake, at least from a short-
term perspective. From an economic point of view, WtE installations have very 
high investment and operational cost, which combined with contractual obligations 
to supply energy, incur the need for continuous operation through their 20-30 year 
lifespan (Wilts, 2012). Under these conditions, diversion of waste towards recycling 
induces a “demand” for combustible waste, or rather a capacity to receive more 
waste at a given market based gate fee. This extra demand will then be satisfied by 
import of combustible waste into the system, which means that the previous 
management route for this waste is avoided. Such indirect effects have not been 
included to date in any waste LCAs addressing MSW recycling in self-sufficient 
waste management systems (see for example newer studies such as Bernstad et al. 
(2011) and Larsen et al. (2010)).  
In Cimpan et al. (IV) we followed the developments in a Danish municipality once 
a new kerbside collection system for dry recyclable materials was implemented, 
replacing less comprehensive collection based on drop-off points (cubes and 
recycling centres). Residual waste collected in the municipality decreased by around 
14% in the first year and, as a result, in order to fulfil contractual agreements 
between the municipal authority and the WtE facility in the municipality, 
combustible waste was imported first from Northern Germany and then from the 
UK. 
Which type of waste management is, then, the most likely to react to increased 
demand for burnable waste? By following the step-wise method of Ekvall and 
Weidema (2004) applied to the emerging EU-wide combustible waste market, we 
established that the most likely source for combustible waste are non-hazardous, 
pre-treated MSW streams that can be traded without restriction and which would be 
otherwise landfilled in the exporting country. At the moment and for the following 
3-5 years, the most likely place where combustible waste is coming from when 
extra demand for it arises in Central or Northern Europe is the UK. This is 
supported strongly by the growth in exports experienced and projected by market 
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analysts (Eunomia, 2013). However, exports from the UK are expected to stabilize 
by 2020, and therefore, it will not be the location for the marginal waste 
management anymore. Instead, the location of the marginal could even move in the 
near-future to Eastern Europe. This development would occur in the context in 
which the European market for combustible waste will overcome existing 
imbalances (given by low-cost landfilling), as a result of the measures taken in the 
framework of the envisaged EU Circular Economy Strategy (European 
Commission, 2015) which specifically mentions economic instruments as a means 
to phase out landfilling.  
The relevance of WtE capacity-related effects is bound to the lifetime of existing 
infrastructure, and therefore essentially short-term. In this work, future waste 
treatment capacity development around Europe and the lifetime of existing WtE 
capacity in Denmark were used to estimate when combustible waste shipments 
would lose their relevance as a system consequence (estimated relevance of 20-30 
years into the future). 
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4 Current development in physical/ 
mechanical processing of MSW 
Mechanical processing may be generically defined as treatment operations that alter 
the physical but not the chemical makeup of waste. In general, physical/mechanical 
processing operations are seldom a final treatment for solid waste, but instead 
constitute a form of pre-treatment which has the objective to pre-condition and/or to 
separate and sort material types or categories found in mixtures with various 
degrees of complexity. This pre-treatment may be necessary for subsequent 
treatment (e.g. bio- or thermal conversion) or for final reprocessing, as in the case of 
material recycling.  
Specific unit processes can address size reduction and material liberation (e.g. 
shredding and milling), pre-conditioning and concentration (e.g. sieving, ballistic 
and density techniques), and specific sorting techniques (e.g. magnetic, non-
magnetic, manual picking and sensor-based sorting). Much of the conventional 
technology employed in the processing of solid waste has been inspired or was a 
direct transfer from the more established fields of mineral and agricultural 
processing (Pretz, 2000; Pretz et al., 2010).  
Conventional techniques, such as dry mechanical processes and density techniques 
based on fluid mediums, separate or concentrate materials based on attributes such 
as particle size, density, behaviour in an air flow, magnetic susceptibility or 
conductivity. These material specific attributes determine a specific behaviour of 
the material particles when subjected to specific conditions within a technical 
process. More advanced techniques have expanded the number and complexity of 
attributes that may be used to separate materials. Sensor-based sorting techniques 
specifically, are based on the detection (by sensors) and measurement of attributes 
such as colour, transparency, texture, shape, atomic density or elemental 
composition (Wu and Pretz, 2010). Particles undergoing such a sorting process are 
classified/identified by material classes or types, and subsequently separated by 
mechanical, pneumatic or, more recently, robotic means.  
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The historical development of industrial plants and installations, based entirely or 
partially on physical processing, dedicated to the treatment or sorting of MSW 
streams, can be intrinsically linked to the broader development in waste 
management (starting in the 1970s) and more specifically to the gradual evolution 
of waste collection systems. By and large these installations are used in the pre-
treatment of a large variety of material streams, from:  
(1) Defined mono-material streams, where they address the purification of a single 
material category (e.g. remove household miss-sorting from recyclable paper) 
and/or sorting into different types of the same material category (e.g. metal 
sorting by type, plastics sorting by polymer, glass sorting by colour); 
(2) Defined multi-material streams, where they address the separation and sorting 
of mixtures of different material categories into the individual categories and 
materials types under that category (e.g. commingled recyclables, end-of-life 
products such as WEEE); 
(3) to Non-defined multi-material streams or mixed residual streams, where they 
address the recovery of target materials for recycling (e.g. metals from residual 
MSW) and/or pre-conditioning and material concentration before further 
treatment (e.g. bulky waste size reduction, concentration of high calorific 
fractions or biodegradable fractions in mechanical-biological treatment (MBT)). 
The techniques employed in these installations and the level of process flow 
complexity is directly dependent on the composition of the input feedstock and the 
objectives of the operation in terms of output streams. A simple process 
configuration based on few conventional processes may be sufficient for the 
separation and sorting of well-defined mono- and some multi-material streams, 
while complex configurations combining conventional techniques for pre-
conditioning and conventional/advanced techniques for sorting are necessary for 
more complex multi-material streams and fully mixed (residual) MSW streams. 
The recent strong focus in industrialized/developed countries on material recovery 
and recycling on the one hand, and on diversion of mixed MSW from landfills and 
specifically biodegradable waste in Europe, on the other hand, has created the right 
conditions for an exponential increase in numbers of installations based on 
physical/mechanical processing of MSW.  
In contrast to its importance to strategies addressing sustainability and resource 
management/cycling in today’s political agendas, there are general gaps in 
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understanding of the technological solutions, operational and economic efficiency 
in regard to physical treatment of waste. Compared to other treatment sectors, such 
as thermal treatment (WtE) and biological treatment, physical treatment, i.e. 
separation and sorting, have received far less attention also from the scientific 
community. One of the reasons for that can be identified in the very broad field of 
applications for physical treatment (large variety of processed waste streams and 
processing objectives), resulting in a large variety of process configurations which 
can be placed under a number of different categories of treatment.  Almost all the 
time, plants and installations address local conditions and needs, and therefore there 
are seldom plants that have exact same configurations. Von Blottnitz et al. (2002) 
stated that this is an industry which still lacks codes and standards to a large degree, 
and where expert knowledge has rarely been abstracted through scientific 
approaches. 
A great part of the work in this PhD project was dedicated to enhancing the 
knowledge base on physical treatment of MSW streams. This endeavour ended in 
three specific scientific contributions so far, which addressed: (1) in Cimpan et al. 
(II), a review of the current state of separation and sorting of recyclable materials 
from commingled collection systems and alternatively recovered directly from 
mixed residual streams; (2) in Cimpan and Wenzel (I), implications of mechanical 
and mechanical-biological pre-treatment on the energy balance of residual MSW 
treatment, and (3) in Cimpan et al. (III), techno-economic assessment of material 
recovery facilities.  
With Cimpan et al. (II) specifically, we aimed to bring together what hitherto was a 
disparate spectrum of scientific literature, results from case studies and pilot 
projects, and, to some degree, also insider industry knowledge on the topic. Overall, 
the review captured important aspects such as: (1) understanding of historical and 
geographic differences; (2) relations to the development of source separation and 
separate collection; besides (3) plant process descriptions and (4) process efficiency. 
It also includes discussion of: (1) material quality issues and collection/recycling 
efficiency; (2) real-life plant operational difficulties; and (3) the role of central 
sorting in achieving higher recycling rates. 
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4.1 Sorting of commingled recyclables from different 
separate collection schemes 
The fist separate collection programs for recyclable materials in the 1970s and 80s 
were mainly public driven, following a growing awareness of societal 
environmental impacts. A limited number of materials, such as paper and glass were 
collected separate, i.e. as mono-material streams (ARGUS et al., 2001; Gerke and 
Pretz, 2004). As more materials were added to these programs, inherent limitations 
became apparent, such as increasing complexity and costs with separate collection, 
which prompted early experimentation with material comingling in the 1980s 
(Combs, 1990; Ehrhard, 2009). Collection of commingled materials addressed 
many of the practical limitations of separate collection, but also created the need for 
subsequent separation and sorting plants. Early sorting plants employed very limited 
mechanical processing and relied heavily on manual sorting for the separation of the 
different materials.  
A veritable boom in separate collection and particularly in commingled collection 
occurred in the 1990s in many European countries and the United States (US). In 
the US, despite the lack of any federal recycling legislation, separate collection 
programs gained momentum pushed by strong positive public opinion towards 
recycling. By 1991, 39 US states had passed some recycling legislation and by 2006 
seven states had mandatory source separation laws (Miller, 2006). In Europe, a 
turning point was marked by EU waste legislation, which after 1990 started to 
instate binding obligations and recycling targets for different waste streams (Fischer 
and Davidsen, 2010). 
The proliferation of commingled collection, and the connected sharp increase in 
demand for sorting plants or material recovery facilities (MRFs), led to an 
accelerated evolution and development of dedicated processing equipment and 
process configurations. Similar to the early evolution of other production industries 
(manufacturing), and within a relatively short time (only around 20 years), MRFs 
have grown larger and more sophisticated. Today, state-of-the-art plants maximize 
economy of scale benefits and employ complex process configurations including 
the latest technology in sorting, automation and process control (Cimpan et al., II 
and III). Nevertheless, substantial inefficiencies do persist and the existing industry 
average has much to improve in terms of operational efficiency. 
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Table 1: Commingled collection systems, in order of increasing material mixing 
Collection system Form of 
collection 
Covered materials Predominant in 
Lightweight 
packaging waste 
Kerbside 
bins/sacks and 
publics (drop-
of) cubes/ 
containers 
rigid plastics, foil plastics, 
metals, beverage cartons, 
other composite packaging 
Continental Europe 
(besides separate 
collection of other 
materials such as paper 
and glass) 
“Dual-stream” Kerbside 
bins/sacks 
including dual-
chamber bins 
Bin/compartment 1: paper, 
cardboard, foil plastics 
Bin/compartment 2: metals, 
rigid plastics, foil plastics, 
beverage cartons, glass 
US, UK, Canada, 
Australia, France 
“Single-stream” Kerbside 
bins/sacks 
Commingled: paper, 
cardboard, metals, 
rigid plastics, foil plastics, 
beverage cartons, glass 
US, UK, Ireland Canada, 
Australia, France 
“Wet-dry” 
systems 
Kerbside 
bins/sacks 
(broad definition) 
Bin 1: dry MSW items 
Bin 2: wet and soiled MSW 
items 
Germany (trial in addition 
to separate collection of 
paper and glass ), some 
communities in the US 
(typically without any 
other separate collection) 
Some of the reported advantages of commingled separate collection in comparison 
to multiple mono-material separate collection are higher public participation due to 
increased convenience, a simpler collection system (e.g. automatic or 
semiautomatic pickup, less vehicles and people requirements) entailing lower costs, 
and better working environment (in collection). Disadvantages include necessity for 
specialized sorting plants, which can overcome cost savings during collection, and 
possible loss of material quality due to cross-contamination which can lower the 
possibilities for closed-loop or even functional recycling. The latter, especially 
material quality and cross-contamination have been a constant point of debate in the 
US and more recently in the UK, over the implementation of especially fully 
commingled collection, i.e. single-stream collection (Kinsella, 2006; Morawski, 
2010; Marley, 2007a; Marley, 2007b).  
It is the authors general conclusion that, the existing body of knowledge fails to 
deliver clear indications that more commingling leads to higher public participation, 
especially when compared to comprehensive schemes based on partial commingling 
or collection of multiple mono-material streams (when these schemes cover similar 
materials). Similarly, existing studies or investigations fail to clearly indicate which 
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schemes or systems achieve better economic efficiency, as both collection systems 
and sorting solutions can be subject to operational optimization (Lantz and 
Morawski, 2013; Chester et al., 2008; WRAP, 2008; Marques et al., 2014; HDR, 
2012).  
4.1.1 Sorting efficiency and quality of recovered materials  
The most relevant parameters (but not the only ones used) to measure the process 
efficiency of MRFs, are total recovery of recyclable content, material specific 
recovery and quality/purity of output material streams. Such parameters can be 
measured following investigations which reconcile the mass balance of MRF plants, 
through comprehensive sampling and characterization campaigns of input-output 
streams. Although most waste treatment and sorting plants undergo performance 
testing before commencing their operational life, data from such tests is typically 
confidential, and therefore rarely presented in scientific publications. Most available 
data can be found in studies from the US and UK, which addressed sorting of 
commingled recyclables in single-stream or dual-stream MRFs.  
A review of studies which reported the performance of different plants revealed that 
there is wide variation in process efficiency across the material recovery sector. 
What can be concluded upon is that installations built on best-available technology 
and plant design are able, from a technological perspective, to perform on very high 
efficiency levels. This is confirmed by comprehensive process data produced and 
evaluated in studies such as by DEQ (2011) and Eule (2013). A synthesis of 
material recovery rates from the two studies is given in table 3. It shows that more 
than 90% of the content of recyclable materials collected in a single-stream scheme 
was separated into output streams which can undergo direct material recycling. 
Cross-contamination of paper outputs with glass accounted for less than 0.05% by 
weight.  
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Table 2: Material output quality: typical required purity in the UK and results from three 
different assessments of single-stream facilities in the US and the UK 
Product (material output)  Required 
purity UK 
(wt.-%) 
Ford MRF 
(Eule, 
2013) 
US 5 SS 
MRFs 
(DEQ, 2011) 
UK 13 SS MRFs  
(Enviros Consulting, 2009)  
Average 
(wt.-%)  
Average  
(wt.-%) 
Average 
(wt.-%) 
Best  
(wt.-%) 
Worst 
(wt.-%) 
Cardboard (OCC) 96 92.3 95.8 87.0 98.1 42.6 
News & pams 96 92.0 93.8 90.5 98.1 78.0 
Mixed Paper 96 95.0 98.3 82.5 97.9 63.3 
Al Cans 98 97.6 94.4 97.9 100.0 92.0 
Al Foil 98 100.0     
Steel Cans 98 96.7 94.7 92.6 97.7 76.2 
Metal mix   96.7    
Glass 96 98.9  98.5   
Beverage cartons 96 97.5     
Natural HDPE bottles 95 91.2  92.5 96.1 85.4 
Coloured HDPE bottles 95 91.7  93.1 96.7 89.6 
Clear PET bottles 95 91.0  86.9 94.0 79.9 
Coloured PET bottles 95 94.8  91.9 97.0 86.8 
Plastic mix   96.6 84.9 99.4 56.4 
Total sorting residues (wt.-%)  5.54 5.8    
Plant input contamination 
(wt.-%) 
 3.35 9.0 13.1 5.7 22.5 
 
More generally, industry experts from especially the US express that most quality 
issues connected to cross-contamination by materials comingling have been 
successfully addressed to date through technological innovations (de Thomas, 
2013). 
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Table 3: Material specific recovery rates 
Input fractions 
(Eule, 2013) 
Total in 
products 
Total 
compatible 
Intende
d output 
Input fractions 
(DEQ, 2011) 
Total in 
products 
Total 
compatible 
Intended 
output 
wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% 
News & PAMS 99.7 99.6 49.9 News and 
compatible 
98.5 96.8 96.8 
Mixed Paper 97.1 96.7 77.9 Paper (bleached) 99.2 99.1 99.1 
Cardboard (grey 
board) 
97.0 86.2 84.6 Paper (unbleached) 97.8 97.7 56.6 
Cardboard 
(Corrugated) 
96.6 90.8 44.4 Cardboard 99.3 92.3 92.3 
Beverage cartons 90.0 90.0 31.1 Gable top beverage 
carton 
95.2 55.6 25.6 
Other paper & card 94.6 89.6 71.8 Aseptic drink 
cartons 
91.4 89.7 29.3 
Aluminium cans 98.8 87.5 87.5 *Non-recyclable 
paper 
75.5 60.4 24.5 
Aluminium foil 90.0 70.0 30.0 Aluminium cans 96.7 67.0 67.0 
Other non-ferrous 88.9 66.7 66.7 Aluminium foil 83.0 33.0 33.0 
Steel cans 99.8 96.0 96.0 Steel cans 97.1 85.9 85.9 
Other ferrous metal 89.3 76.7 76.7 Other scrap metal 92.4 86.6 86.6 
Clear PET bottles 97.8 94.0 86.9 Plastic bottles & 
tubs 
98.6 84.2 84.2 
Coloured PET 
bottles 
97.3 82.0 62.2      
Natural HDPE 
bottles 
97.6 93.5 91.3      
Coloured HDPE 
bottles 
89.0 74.6 60.7      
*Mixed dense 
plastics 
31.3 67.6 67.6 *Other plastics 69.2 68.0 30.8 
*Plastic film 26.7 73.3 73.3 *Plastic film 24.1 75.9 75.9 
Glass 99.9 98.6 98.6 *Glass 1.4 98.6 98.6 
*Waste Materials 34.0 64.8 64.8 *Hazardous 
materials 
54.1 45.9 45.9 
*Fines <40mm 82.2 69.6 69.6 *Other 
contamination 
16.5 83.5 83.5 
Weight % total 
output 
97.7 94.0 68.2 Weight % total 
output 
94.2 88.9 85.8 
*An asterisk in front of the material name means this material was not supposed to be included in the commingled 
collection (miss-sorting). 
Total in products - denotes all recovered material except the share in sorting residues. 
Total compatible - denotes material recovered in the intended products + compatible products. 
In our attempt to understand the mechanisms behind process efficiency and material 
quality in the material recovery sector, we found that performance is hardly limited 
by existing technology; it is however influenced by a complex set of factors which 
affect operational practice. These factors are briefly presented and discussed in the 
following section. 
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4.1.2 Understanding factors that influence process efficiency  
Primary and secondary material markets 
Unlike the strict regulation, monitoring or/and standardization on the characteristics 
and quality of material outputs or process by-products generated in other treatment 
sectors (thermal treatment, biological treatment), quality requirements for materials 
recovered/sorted for recycling by the material recovery sector have been historically 
mostly determined by relationships between demand and supply on the material 
markets.  
Over the last 20 years, the Far East, and especially China, experienced tremendous 
growth in demand for both raw and secondary materials, and has gradually become 
a main outlet for recovered recyclables. During the first part of this growth period, 
quality requirements for exports to the Far East have been especially poor. Analysis 
of trade statistics from the US, UK, and the EU reveals that exports of recyclable 
materials increased almost in tandem with growth in separate collection over this 
time (Marley, 2007a; Marley, 2007b; Eurostat, 2014). For example, trade statistics 
for paper and plastics collected for recycling in the EU between 2002 and 2013 
show that while imports accounted for a small share and remained relatively 
constant over time, trade within the EU and especially exports outside the EU 
increased substantially over time. In the case of paper, while intra EU trade was 
double the export in 2002, in 2013 both stood at similar figures. Overall, export of 
waste paper represents today around 25% (10 Mt) of the volume collected. In the 
case the plastics, intra EU trade and exports were more or less equal in 2002, but 
exports grew to almost double internal trade by 2013, and similarly to paper, 
account for around 25% (3 Mt) of the waste volume collected. More revealing, trade 
statistics would indicate that around two thirds of the increase in plastics collection 
over the period has contributed to the entire increase in export. 
Both the US and the UK have seen a tendency to conscribe materials recovered 
after commingled collection to export markets combined with decreasing 
acceptance from the local recycling industry. Commingling, and thus cross-
contamination, and the perceived technical inability of MRFs to subsequently 
separate materials with a high purity, were pointed by many as the reasons for this. 
But despite the debate and opposition to single-stream collection, these programs 
have seen an ever growing dissemination. Although the increasing trend for exports 
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can only be subjectively connected to commingled collection in general, as not just 
materials from commingled collection were being exported, the existence of such a 
large outlet for lower quality materials explains, at least to some extent, why MRF 
operators did not strive for high quality in the past.  
Due to its at least partial dependence on revenues from sale of materials (besides 
possible gate-fee revenues), it can be concluded that the material recovery sector in 
general is heavily influenced by the nature and conditions pertaining to outlets for 
their material outputs, i.e. on material markets. In the past this was exacerbated by 
high disparities between demand and supply of secondary materials and the lack of 
quality standards and certification schemes that could help to “commodify” and 
reduce the heterogeneity of material outputs. 
Technological level in practice 
Between 2000 and 2005, as it became the world’s biggest importer, China began 
tightening quality requirements, especially for recovered paper. Nevertheless, 
increasing quality demands have not affected in any significant way the increasing 
trend in volume of exports. An analysis by Marley (2007b) found that US single-
stream MRF operators could comply with new requirements with ease, while UK 
operators had significant difficulties at the beginning. The main reason behind this 
was the different technology level employed in the two countries. US installations 
were 3
rd
 or 4
th
 generation plants, already benefiting from considerable process 
optimization, automation and economies of scale, while the UK sector was just 
emerging and was predominantly characterized low technology, small capacity 
plants (WRAP, 2006). The influence of technology on material quality can similarly 
be perceived in the study by Miranda et al. (2013), which reported results from 
long-term characterization of recovered paper from UK single-stream collection 
sorted in average vs. high technology plants.  
As already stated in the beginning of chapter 4, there is a need for more studies 
which address in detail the process efficiency of material recovery plants. An 
overview of existing studies, mostly addressing long term monitoring or 
performance testing, of single-stream installations in the US and UK was given in 
Cimpan et al. (II). In most available literature it is not possible to connect process 
efficiency to specific installations, and therefore process configurations. This is the 
case for studies such as by Enviros Consulting (2009) on UK plants and by DEQ 
(2011) on US plants. The most detailed investigation to date on single-stream plants 
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was found in the dissertation of Eule (2013), which addressed materials mass 
balances, process design and performance of plants in the UK. The repeated 
performance monitoring of three large plants (70,000-100,000 tonnes per year), 
having different process configurations and levels of automation, indicated that 
there was a consistent link between the technology used and the efficiency in 
material recovery, as well as the final quality of material outputs. 
The review in Cimpan et al. (II) is supplemented by a techno-economic analysis in 
Cimpan et al. (III), which addressed sorting facilities that process commingled 
lightweight packaging waste, specifically plants that represent the German sector. In 
this study the effect of the level of technology employed, or comprehensiveness of 
the process flow of a plant, on process efficiency, was shown by its effect on 
material recovery. There are several clear technological aspects of material sorting 
which affects process efficiency in significant ways: (1) comprehensive pre-
conditioning of the waste prior to sorting contributes to optimal functioning of 
sorting equipment downstream, (2) specialized sorting equipment ensures product 
diversification which would not be possible otherwise (such as plastic sorting by 
polymer type), and (3) an increased level of automation both in sorting and cleaning 
of sorted products minimizes the need for human intervention, which can then be 
prioritized for quality control tasks. 
Other (often overlooked) factors 
Quality of output materials and overall process efficiency (recovery rates) can be 
affected by daily operational practice. Some examples of bad operational practice 
are running an installation above designed capacity, disrespect for routine 
maintenance, repair, and cleaning work, which can lead to technical problems and 
downtime.  
While performing the analysis on German packaging waste sorting, we came across 
a very different factor standing against better performance, which concerns overall 
system structure or the implementation of Producer Responsibility in various 
European countries. In Germany the technological potential of sorting installations 
can be considered high. Despite this, plant operators lack a crucial incentive to 
increase material recovery and that is the ownership of the waste processed, and 
therefore the right to sell recovered materials.  
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Lastly, an issue mostly overlooked by waste management planners, as well as 
researchers in the field, is an overall decreasing quality of materials collected for 
recycling as higher recycling rates are sought over time. This is simply explained 
by collection systems tapping into increasingly diverse waste sources, and gradual 
addition of lower qualities in order to capture more and/or new materials. As a 
result, the material recovery sector faces commingled streams of increasing 
complexity as well as higher miss-sorting levels by citizens. An example of 
comprehensive research on this matter is the work of Miranda et al. (2011), which 
addressed paper waste. 
4.2 Central sorting and mechanical-biological pre-
treatment of residual MSW 
4.2.1 Recovery of recyclable materials 
Although the EUs waste legislation regarding recycling of MSW clearly mandates 
source separation followed by separate collection as the main recovery path, it still 
allows for alternative solutions in which recyclable materials are sorted from 
residual MSW (i.e. the mixed waste remaining after source separation schemes). 
Such central sorting solutions are typically deployed in areas where source 
separation is facing various implementation issues, such as very high costs, low 
response rates (household participation) and/or high contamination levels (miss-
sorting by households). In Europe, these systems do not replace source separation 
programs, which are still in most cases the main recovery path, but 
complement/supplement them with recovery of specific materials, while in North 
America and elsewhere, such systems are also implemented in the absence of any 
source separation, and thus can target a very wide range of materials. 
Central sorting takes place in specific mechanical or mechanical-biological pre-
treatment plants. In Europe, the majority are mechanical-biological treatment or 
MBT facilities, while in North America similar installations are called dirty MRFs 
or mixed MSW MRFs. MBT has been developed in Europe as a potential 
alternative to thermal treatment or waste incineration, and has seen a large 
resurgence after the adoption of the EU Landfill Directive (Directive1999/31/EC) 
which set targets to reduce direct landfilling of biodegradable organic waste. In 
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2011, a survey showed that there were more than 330 facilities throughout Europe, 
having a combined total capacity of around 33 Mt (Nelles et al., 2012).  
MBT is a collective term which incorporates several technological variations to 
treatment of MSW based on a combination of mechanical processing and biological 
treatment (Beckmann and Thome-Kozmiensky, 2006; Thiel and Thomé-
Kozmiensky, 2010). The main objective of MBT is to ensure a stabilization of the 
degradation process of biodegradable organics before this fraction is either 
landfilled or incorporated in a stream which is used for energy production (i.e. 
waste-derived fuels). Some streams of recyclable materials are almost always 
produced, as a by-product of the mechanical processing in such plants. At a 
minimum these are ferrous metals, but in certain regions (such as Southern Europe) 
also other materials are recovered, such as plastics, beverage cartons, paper and 
cardboard. The average installations are mostly low-tech and employ manual 
sorting (Montejo et al., 2013), however in an increasing number of facilities around 
Europe, the mechanical processing sections are extended with advanced 
conditioning and sorting technology, based on concept design found in MRFs which 
sort commingled recyclables from separate collection (Santos, 2012, Kluttig, 2010).   
Dirty MRFs in North America, have similar technical profiles with regard to 
mechanical processing, but the specific biological treatment steps are not always 
present. The main objective here is, in many cases, the actual recovery of 
recyclables for recycling, before the remaining stream is landfilled (Kessler 
Consulting Inc., 2009). According to the US EPA, 43 dirty MRFs were in operation 
in 2011, handling around 10 Mt of waste per year (USEPA, 2011).  
Central sorting of recyclable materials in MBT facilities, and specifically plastic 
packaging, makes a contribution to recycling rates in a number of European 
countries such as Austria, Cyprus, France, the Netherlands, Poland and Spain 
(Gallardo et al., 2012, Jansen et al., 2013, Ligus, 2012, Lolos et al., 2011). The 
technical feasibility to recover different materials (e.g. plastics, beverage cartons, 
glass) from residual MSW via central sorting has been tested extensively with 
positive results in Germany and the Netherlands (Becker, 2009; Van Velzen et al., 
2013a; Van Velzen et al., 2013b; Van Velzen, 2015) and more recently also in Italy 
and Norway (Gensini et al., 2012; Mepex, 2013). In terms of capture rate (material 
specific yields), these studies indicate that central sorting efficiency is higher than 
the average source separation efficiency of households.  
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Output streams of dry recyclable materials can account for between 3% and up to 
more that 20% by weight of the input processed MSW depending on the 
composition of MSW and the materials targeted for recovery in the facility. The 
higher yields of recyclables were reported for plants in the US that process MSW 
streams collected in areas which have little or no other separate collection schemes 
(Kessler Consulting Inc., 2009; SWANA, 2013). 
Nevertheless, despite what can be noted as proven technical feasibility, there are 
important barriers/questions to a wide spread implementation of central sorting, 
especially in Europe. One such barrier is the perception of a lower quality for 
recovered materials and thus a lower economic value. The literature describing 
technical trials surveyed in Cimpan et al. (III) indicates that in general there are no 
significant quality differences between centrally sorted materials and materials 
recovered in MRFs that process source separated streams, see for example Pretz et 
al. (2010), Van Velzen et al. (2013a), Jansen (2012) and Luijsterburg and Goossens 
(2014). Characterization studies for recyclable materials recovered in existing MBT 
facilities around Europe are not readily available. In Cimpan et al. (III) we analysed 
mass balance results presented by Navarotto and Dominguez Llauro (2012), which 
resumed a three-month long campaign of performance testing for a  state-of-the-art 
MBT in Spain The mass balance results were supplemented by data on the 
composition/quality of recyclables during the test period, which were provided 
following contact with the regional authorities. This data showed that plastics, 
beverage cartons and metals recovered in the plant presented impurity levels below 
market requirements. Although some studies hint at that these materials, when sold 
on the market command lower prices than materials from separate collection, it was 
not possible to conclude on this in our research. 
Other barriers discussed by some authors such as Janz et al. (2011), are 
uncertainties on the economic feasibility of overall MSW systems based on central 
sorting and effects on households perception of environmental protection. Since 
materials recovered through central sorting have been in contact with mixed MSW, 
their legal status as either waste or recovered materials can also be problematic.  
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4.2.2 Implications of mechanical pre-treatment on energy 
recovery from MSW  
Residual MSW is an unstable heterogeneous mixture of very different types of 
materials and post-consumer products which requires immediate treatment in order 
to contain possible negative effects on the environment. Roughly, it includes 
material fractions which could potentially be recycled, other dry or soiled fractions 
which could be used in combustion based energy recovery processes because they 
exhibit relatively high heating values (energy content), and finally wet 
biodegradable organic materials which could be  subjected to biological treatment, 
including digestion processes to produce biogas. As an alternative to direct 
treatment, such as combustion or controlled landfilling, mechanical and mechanical-
biological pre-treatment of residual MSW enables access to these three main 
categories of materials which can then be processed separately (A.S.A. e.V, 2011).  
Both dry and wet parts of residual MSW can be converted into waste-derived fuels, 
as refuse-derived fuel (RDF) and solid recovered fuel (SRF), which open 
opportunities to use MSW fractions for energy production beyond dedicated 
facilities (waste incineration), including industrial processes, such as cement 
production and coal-based power production (Thiel and Thome-Kozmiensky, 2012, 
Velis et al., 2010). Biodegradable materials can be directed to dedicated digestion 
facilities (both dry and wet processes) for the production of biogas. Moreover, a 
number of technologies exist that can refine/clean the stream of concentrated 
organics recovered in the mechanical section of MBT (or alternatively the digestion 
residues) to quality levels similar to those seen for source separated organics (i.e. 
biowaste/food waste separate collection). This should potentially allow for the use 
of biological treatment residues as organic fertilizers in agriculture, see for example 
Jank et al. (2015) and de Laclos et al. (2008).  The “waste refinery” concept, tested 
in Denmark extensively through the Renescience technology (by Dong Energy), 
represents another, conceptually more advanced, option to gain access to 
biodegradable organics in residual MSW (Tonini and Astrup, 2012; Tonini et al., 
2014). The use/application of digestion residues/compost on agricultural fields as 
organic fertilizer is nevertheless strictly limited and depends on national legislation 
in different European countries (Stretton-Maycock and Merrington, 2009). 
Moreover, current standardization efforts for organic fertilizers aim at eliminating 
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mixed waste completely from use in agriculture (Barth et al., 2008, Siebert et al., 
2010).  
Mechanical and mechanical-biological pre-treatment does however induce 
additional energy and material resources consumption and it adds inherent system 
losses, such as partial loss of the energy content in the waste (especially with 
biological treatment), when compared to direct utilization in thermal treatment WtE 
plants (Consonni et al., 2005, Consonni and Vigano, 2011). For example, Wallmann 
et al. (2008) assessed the energy efficiency of different MBT concepts (MBT with 
composting, -with biogas and biological drying MBS) by making primary energy 
balances based on operational data from 18 to 20 German plants, and determined 
that between 59% and 72% of the energy invested as input to these plants was 
transferred to outputs going to further energy recovery processes. Nevertheless, 
such induced losses can be compensated by utilization of waste-derived fuels in 
energy production processes which have a higher energy recovery efficiency (e.g. 
co-combustion with coal) or a higher energy utilization rate (e.g. cement kilns) 
compared with direct thermal treatment WtE plants (Consonni et al., 2006). 
Ketelsen (2012) compared the energy balance and carbon footprint of 15 German 
MBT plants together with their extended energy recovery systems, with the average 
results for direct waste incineration in Germany, and found that MBT-based 
systems had a slight advantage.  
In Cimpan and Wenzel (I) we aimed to extend the knowledge gained in previous 
studies by adding: (1) a deeper perspective on material recovery, (2) comparison 
with high efficiency CHP WtE operation typical for Scandinavian countries, and (3) 
the influence of accounting for different types of background system energy 
production, being avoided by energy production from waste. The method used to 
assess alternative systems was lifecycle energy balance, whereby all system 
exchanges (induced and avoided flows) were converted to primary energy demand.   
The residual MSW systems assessed in Cimpan and Wenzel (I) were: 
 MBT Composting – mechanical biological treatment with composting of the 
organic fine fraction (+ subsequent energy recovery and/or material recycling); 
 MBT Anaerobic digestion – mechanical biological treatment with biogas 
production (dry AD) (+ subsequent energy recovery and/or material recycling); 
 MBS Biological drying – mechanical biological stabilization or biodrying MBT 
(+ subsequent energy recovery and/or material recycling); 
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 MT Mechanical pre-treatment – mechanical processing before incineration, 
including plastics sorting for recycling (+ subsequent energy recovery and/or 
material recycling); 
 WtE Mass combustion – conventional mass grate combustion. 
 
Direct combustion WtE and RDF dedicated plants were modelled in two efficiency 
perspectives, respectively SotA – state-of-the-art (average relatively new plants) 
and BAT – best available technology (highest efficiency today). Different RDF 
qualities were distinguished, with only the higher qualities being modelled as 
utilized in co-combustion processes.   
Results showed that typical Scandinavian conditions today, where MBT-based 
system would compete with high efficiency WtE CHP plants and industrial outlets 
for RDF/SRF are limited, favour direct WtE. The system with mechanical pre-
treatment including recovery of plastics for recycling, achieved similar results to 
direct WtE. MBT-based systems (with biogas production and biodrying) were on 
the other hand favoured when modelled conditions resembled those found in many 
other parts of Europe (indeed the world), characterized by limited or no 
infrastructure to utilize heat from incineration plants, if part of SRF/RDF was used 
in industrial applications. 
4.3 Techno-economic analysis of central sorting systems 
Simulation of technical and economic performance for waste processing plants is an 
essential phase in the planning/designing of new, or evaluating existing, waste 
management systems.  
In Cimpan et al. (III) we took a bottom-up technical planning approach to evaluate 
the process efficiency and economic performance of lightweight packaging sorting 
plants in Germany. By modelling four plants of progressively higher capacity and 
technological level, the aim of the study was to estimate the impact of economies of 
scale on processing costs, as well as complementary relations linking capacity, 
technology (process flow complexity) and resulting process efficiency. 
German LWP MRFs offered a great case for analysis of the effects of technological 
development and gradual capacity concentration in fewer very large facilities, an 
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effect seen also with single-stream MRFs in the US and the UK.  Owing to more 
than 20 years of development, German LWP plants have reached a high level of 
process flow standardization (Christiani, 2011). The approx. 2.3 Mt of LWP waste 
collected each year from households, is sorted in less than 90 facilities, with almost 
90% of this total amount being processed in less than 50 plants (Bünemann et al., 
2011). Less than the amount of waste collected today was sorted in more than 250 
facilities before the year 2000. Capacity-wise, the largest plants increased in 
processing capacity from 40,000 tpa to 120,000 tpa during this period. Technology-
wise, from the first deployment of sensor-based sorting in 1999, by 2008 all 
facilities operated sensor-based sorting of mixed plastics, whereas today more than 
70% of the collected LWP waste is processed in facilities with sensor-based sorting 
of plastics by polymer type.  
For the analysis in Cimpan et al. (III), we used largely unpublished project 
experience made available by the Department for Processing and Recycling (I.A.R.) 
at RWTH Aachen University. The analysis was structured on different layers and 
followed different methods in order to achieve its objectives: 
 Facility planning layer, which included dimensioning of buildings and 
installations, based on the yearly processing capacity; 
 Mass flow estimation/ mass balance layer, with specific focus on differences 
between designed operation and typical operational practice (including 
downtime and operation over designed capacity); 
 Cost calculation layer, which included investment, yearly capital and 
operational expenditure, and additional consideration of waste transfer and long 
distance transport costs; 
 Costs/revenues with management of facility outputs, which included a 
cost/revenues range based on historical market fluctuation of prices/ disposal 
costs. 
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Figure 2: Specific processing costs, cost/revenue range for management of plant output 
streams and net cost range for processing (specific costs – cost/revenue with output streams)  
The results revealed that within a fourfold increase in plant capacity (from 25,000 to 
100,000 tpa), total capital investment increased by a factor of 3, from 7 to 21 mil 
EUR, while the yearly capital and operational expenditure increased by a factor of 
2.6, from 2.8 to 7.2 mil EUR. As a result, the specific processing cost decreased 
from 110 to 70 EUR/tonne, which indicates quite significant economies of scale 
benefits for larger sorting plants.  
These benefits were amplified when costs/revenues associated with management of 
output streams were factored in (Figure 2). The larger plants achieved higher 
revenues from material sales due to better recovery efficiencies, and especially due 
to increased product diversification, such as the production of 3-5 individual 
plastics products compared to a mixed plastics output in the smallest facility.  
High capacity plants in Germany, receive large amounts of LWP from other 
regions, in addition to their local catchment areas, which means that additional costs 
with transfer stations and long distance transport become important factors in the 
economy of sorting. The use of intermediary storage capacities in transfer stations 
can also bring benefits. By increasingly applying the supply chain concept of “just 
in time” delivery, very large plants can reduce their reception and input storage 
areas, while at the same time, ensuring a more constant supply of waste. We 
modelled two levels of costs associated to transfer and long distance transport, in 
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order to determine if such costs can overturn previous cost savings in large 
facilities. The resulting cost curves (presented in Figure 3A), indicated that even 
with large additional costs, economies of scale were not being completely 
overturned. 
 
 
Figure 3: (A) Specific processing costs with the addition of transfer and long distance 
transport; (B) influence of operational conditions on total materials recovery level. 
Lastly, the influence of operational conditions, measured as the difference in total 
materials recovery between periods when plants run in theoretically optimal 
conditions compared to normal/typical operational conditions, were substantiated to 
a large degree (Figure 3B). 
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5 Design and evaluation of alternative 
waste management systems  
Physical/mechanical (pre-)treatment of MSW is well established today, with 
industrial facilities based on different concepts and processing objectives playing 
very important roles in waste management systems. Furthermore, the core concept 
of “material specific treatment” (A.S.A. e.V, 2011), which guided the development 
of mechanical-biological treatment concepts in the past, could yet be proven as a 
major contributor to further development of management of residual MSW streams 
with flexibility in mind. 
Building upon an increased understanding of the development and role of 
physical/mechanical pre-treatment of MSW, the second half of this PhD project has 
been dedicated to evaluating by system analysis methods current full-scale MSW 
management in Denmark and the redesign to possible alternative systems which 
would align with national ambitions and EU-level targets on material cycling, while 
achieving a future high degree of system integration (e.g. energy and agriculture 
systems) at the same time.  
Concretely, this was realized through two case studies which addressed household 
waste management systems at a local and regional level: 
 First case - municipality of Sønderborg (76,000 inhabitants), placed in southern 
Jutland, which, contextually, has also adopted a vision of becoming CO2 neutral 
before 2029 (published in Cimpan et al., IV); 
 Second case – the region of Funen, 10 municipalities (486,000 inhabitants), 
which has some distinctive features in terms of inter-municipal cooperation 
(reported in Cimpan et al., V). 
The first case study documented the effects in terms of resource recovery, carbon 
footprint (global warming potential - GWP) and cumulative energy demand (CED), 
of the transition in the case municipality from an integrated MSW management 
system, based on minimal separate collection and efficient WtE, to a system with 
extended collection of recyclables and biowaste. In doing so, we aimed to tackle for 
the first time some new methodological aspects in waste LCA, brought on by 
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consequential thinking, namely: (1) capturing the implications of overcapacity-
related cascading effects, namely waste shipments for energy recovery, and the 
possible definition of a waste management marginal, and (2) synergetic effects 
between collection of biowaste and manure-biogas production. In addition, synergy 
effects between energy recovery from waste and a changing background energy 
system which integrates large shares of renewables were also briefly touched upon 
in a sensitivity analysis. 
In the second case all previously studied/introduced concepts were further 
substantiated through a comprehensive analysis which addressed the current and 
potential (future) efficiency of domestic household waste management in the region 
of Funen, in terms of material and energy recovery, carbon footprint and economic 
costs. Besides the reference/existing management system in the region, 23 waste 
management system variations based on enhanced separate collection and central 
sorting of residual MSW were designed and simulated using an excel-based mass 
flow model. Combined, all 24 foreground waste management systems were 
assessed against a large variety of background system combinations (e.g. future 
energy system and global biomass marginals), resulting in a total of more than 1000 
different sets of carbon footprint results. 
5.1 Future synergy-based system designs 
The alternative systems designed in Cimpan et al. (V) included six main system 
archetypes (including the existing system for reference) based on changes to the 
source separation and collection system, with each system archetype having four 
system variants pertaining to different treatment of remaining residual household 
waste.  
The system archetypes: 
 System 0 – or the reference system 
This system was based on the existing collections schemes in the region and 
reflected the data collected from the municipalities (reference year 2013) regarding 
collection and management of recyclable materials and residual waste. 
 Systems 1/2 – separate collection of biowaste from single-(/and multi)-family 
residences was added to existing collection schemes  
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 System 3 – the existing collection schemes for recyclable materials in the region 
were replaced with a single new uniform scheme in the form of a dual-stream 
The dual-stream collection consists of: (1) a mixed stream of paper, cardboard and 
plastic foils, and (2) a mixed stream of glass, metals and hard plastic containers. 
Commingled recyclables are sorted in MRF. 
 Systems 4/5 – separate collection of biowaste from single-(/and multi)-family 
residences was added besides the dual-stream scheme for recyclables. 
 
The four system variants included in each case: (1) combustion-based WtE 
producing both power and heat, and (2) central sorting based on mechanical pre-
treatment of residual waste followed by three different options to process residual 
organics, namely (a) pulping followed by wet anaerobic digestion, (b) direct dry (or 
high-solids) anaerobic digestion, and (c) biological drying or simply biodrying. 
Central sorting was designed to include recovery of additional recyclables from 
residual waste (i.e. metals and plastics), produce a storable RDF (from “dry” 
fractions of residual waste) and biogas, which is upgraded to natural gas grade and 
inserted into the natural gas grid (for options a and b). Central sorting in its third 
variation produced only recyclables and RDF, which included the residual organics. 
Digestion residues connected to the processing of residual-recovered organics were 
modelled as sent to incineration (with or without dewatering depending on solids 
content).  
Table 4: System archetypes and variants evaluated in Cimpan et al. (V) 
Systems 
archetypes 
Separate collection Treatment of remaining residual waste 
WtE:  
Incineratio
n CHP 
CS-ADwet: 
Central 
sorting with 
wet digestion 
CS-ADdry: 
Central sorting 
with dry 
digestion 
CS-Biodry: 
Central 
sorting with 
biodrying 
System 0 Existing schemes 0-WtE 0-CS-ADwet 0-CS-ADdry 0-CS-Biodry 
System 1 Existing schemes + 
Biowaste SF 
1-WtE 1-CS-ADwet 1-CS-ADdry 1-CS-Biodry 
System 2 Existing schemes + 
Biowaste SF and MF 
2-WtE 2-CS-ADwet 2-CS-ADdry 2-CS-Biodry 
System 3 Dual-stream 3-WtE 3-CS-ADwet 3-CS-ADdry 3-CS-Biodry 
System 4 Dual-stream + 
Biowaste SF 
4-WtE 4-CS-ADwet 4-CS-ADdry 4-CS-Biodry 
System 5 Dual-stream + 
Biowaste SF and MF 
5-WtE 5-CS-ADwet 5-CS-ADdry 5-CS-Biodry 
 
System synergies previously introduced in this thesis were modelled according to 
the framework described in Chapter 3, including with: (1) the background energy 
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system, through flexible production of electricity (biomethane) and heat (RDF 
utilization in the cold season), and (2) manure-biogas, through the modelling of co-
digestion whereby, biowaste utilization leads to avoided reference manure 
management and, alternatively, leads to avoided production of an energy crop, here 
maize was used as a proxy. 
 
Figure 4: Foreground system options for management of MSW from households: arrow 
colour denotes path dependencies; orange boxes are options for collected streams and blue 
boxes are functional outputs; grey boxes represent existing management infrastructure, while 
white boxes denote infrastructure added in the design of alternative systems. 
 
Low quality RDF imported in the systems, as a consequence of liberated WtE 
capacity, was assumed combusted on a continuous basis, and therefore did not add 
to flexibility in terms of energy recovery. 
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5.2 Mass and energy flow modelling 
In both case studies, the data retrieved from municipal accounting systems on the 
waste streams collected and managed in the case areas, was combined with data on 
the composition of these respective streams, in order to determine the profile of 
household waste at the point of generation, at fraction-level. Compositional data 
was retrieved either from characterization studies performed on the specific waste 
streams in the case areas (Cimpan et al., IV) and/or national characterization studies 
(such as Pedersen and Domela (2003)) when the first were unavailable (as in 
Cimpan et al., V). Finally, substance- (such as polymer type for plastics) and 
chemical characterization-level data (only properties of interest) was added with 
data from a number of studies, such as Van Velzen et al. (2013a), Hyks et al. (2013) 
and Riber et al. (2009). Similarly, the empirical data used to model entire 
management chains, from the point of waste generation to the point where mass and 
energy flows are exchanged with surrounding background systems, combined both 
data retrieved from the actual systems under study with best available literature data 
(especially used in the modelling of treatment and the end-processes in management 
chains such as material reprocessing). 
The excel-based mass flow model, developed during this work, keeps track of mass 
transfer, at fraction level, throughout the simulated system, from the point of 
generation to the point where mass flows are converted to emissions to the 
environment, become sinks or replace material goods in the background systems.   
5.2.1 Case study results on material recovery (Cimpan et al., V) 
The 10 municipalities in the region of Funen employ significantly different separate 
collection schemes, individually reaching collection for recycling ratios between 
29% and 45% of generated household waste, while the average for the whole region 
lied around 36% in 2013 (calculated according to the Danish resource strategy 
formula). Based on the potential calculated for different fraction, capture rates for 
selected recyclables were estimated at around 70% for paper and glass, 40% for 
cardboard and metals, and around 20% for plastics. Separate collection efficiencies 
and the treatment breakdown in the reference and main alternative systems are 
illustrated in Figure 5.  
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The five simulated alternative systems were shown to potentially increase separate 
collection in the region from the current 36 % to around 50 % with introduction of 
source separation of biowaste (covering all households), to 45 % with separate 
collection of recyclables in a kerbside dual-stream, and to 60 % with both biowaste 
and dual-stream separate collection. Recovery of metals from incineration ash was 
shown to contribute an additional 1-2 % to material recovery in the region (not 
accounted in the official recycling ratio), while central sorting could contribute 
between 3 % and 5 %, with recovery of metals and plastics (depending of the source 
separation in the system). 
 
Figure 5: Cimpan et al. (V): material efficiency and treatment breakdown for selected 
systems. 
Mass flows through the reference system and system 5 with central sorting, are 
illustrated in the form of Sankey diagrams in Figure 6. The functional unit here did 
not include wood waste and small and large combustibles. The Sankey illustration 
of system 5 does not include manure flows attracted towards manure biogas or 
imported combustible waste as a consequence of liberated WtE capacity. At its 
maximum, in system 5, with implementation of both biowaste and the dual-stream 
schemes, there was a need to import a quantity of approx. 45,000 tonnes of 
combustible waste into the system in order to compensate for materials diverted 
from WtE towards recycling and biological treatment.  
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Figure 6: Aggregated mass flows for the region of Funen in the reference system (0-WtE) and 
system 5 with central sorting (with wet AD); RC – recycling centres, orange coloured 
processes denote operations that are different than in the reference system. 
5.2.2 Case study results on waste-derived energy  
The inclusion/exclusion of effects/interactions with adjoining systems (i.e. manure-
biogas system and European waste market), induced by changes in how household 
waste was handled in the case region, determines to a great extent how the energy 
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balance of systems may be interpreted. The balance between energy produced and 
consumed in four of the six systems modelled in Cimpan at al. (V) is illustrated in 
Figure 7.  
 
Figure 7: Energy production and consumption for modelled systems, with and without waste 
import (variants where additional manure is used in biogas plants is also distinguished – as 
variants with biowaste co-digestion) 
 
Without the inclusion of waste import in the system analysis boundary, all 
alternative systems would seem to produce significantly less waste-derived energy. 
This is mainly because with the diversion of waste fractions towards recycling by 
separate collection (systems 3 and 5) and by residual waste central sorting, there is 
significantly less waste available for energy recovery. Additionally, all system 
variants with production and utilization of biogas displayed a higher production of 
electricity and lower production of heat for district heating, compared with system 
variants without biogas production. However, with the inclusion of waste import in 
the system analysis boundary, all systems compensate for reductions in waste-
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derived energy production, with the majority displaying a net balance which is 
better than that of the reference system. This is a better reflection of the true effect 
that waste management changes would have on waste-derived energy production 
within the time period that waste import is possible. 
The “quality” of produced energy was however the main driver towards system 
designs that prioritises biogas and production of RDF. In this sense, again 
discounting waste import, modelling results showed that between 20% and up to 
50% of electricity produced in the systems could be utilized in a flexible manner, 
i.e. by utilization of storable biomethane in peak demand periods. The higher end 
shares were seen in the system archetypes with biowaste separate collection which 
additionally employed central sorting followed by digestion of organics. In terms of 
possibilities for heat production, between 60% and up to 95% of district heating 
could be envisioned prioritized for utilization in the cold season in system variants 
with central sorting. 
5.3 Carbon footprint and economic assessment of 
alternative management pathways 
The carbon footprint assessment performed in both case studies included in this 
thesis was based on the consequential LCA approach. This comprises modelling of 
system expansion in those cases where the choice/change of waste management 
approach influences adjoining systems. When changing waste management, waste 
flows are re-directed towards new applications, and this in turn leads to influences 
on the systems within both energy and agricultural sectors, as well as parts of the 
waste management sector itself (such as how existing treatment infrastructure may 
be utilized). 
The metric used to compare the systems was global warming potential (GWP100, 
kg CO2 eq., aggregated over a 100 years), calculated on the basis of the latest 
Assessment Report of the Intergovernmental Panel for Climate Change (IPCC, 
2013). In both assessments, carbon flows were fully accounted based on origin, i.e. 
fossil and biogenic. However, a different choice was made with regards to the 
impact factor of biogenic CO2 emissions when presenting results. In Cimpan et al. 
(IV) biogenic CO2 emissions were accounted as contributing to the GWP, having a 
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factor of 1, whereas in Cimpan et al. (V) the results extracted from the model and 
presented also here, considered the same emissions neutral. Both methodologies are 
considered correct, and the author stressed consistency both throughout a specific 
system and between compared systems, based on the methodological approach 
suggested by Christensen et al. (2009a).  
In order to achieve the methodological objective of looking beyond todays 
background framework condition and include an assessment of the significance of 
the changes in background conditions, such as overall Danish policy, strategies and 
ambitions for future renewable energy integration and climate change mitigation, in 
Cimpan et al. (V) we modelled the foreground waste management systems in four 
progressive background time perspectives (Table 5). The timeline was broken in 
accordance with key milestones of the Danish energy policy (Danish Government, 
2011). In addition, two perspectives were taken with regard to the likelihood that 
the political goals will become reality. The marginals for electricity and heat 
assigned to the background perspective in which the targets are achieved, were 
based on energy system analyses by the Danish Energy Agency, and can be found 
in the study by Wenzel et al. (2014). The same marginals for the background 
perspective in which not all targets are met by 2050, were constructed specifically 
for this case study, following consultation with the Danish Energy Agency. The 
Present (2012-2020) perspective, which does not distinguish between continuous 
and flexible production, was meant to establish a reference assessment, based on the 
typical background energy marginals, most often used in Danish waste LCAs today. 
In the progression of the Danish energy system from now until beyond 2050, 
biomass plays a role in both electricity, heat and transport fuel production. On the 
marginal, this biomass is modelled as being imported. But the global biomass 
marginal is not necessarily a constant, but may well be dynamic / progressing as 
time goes and global biomass demand increases. In order to show the influence of 
assuming a fixed biomass marginal compared to a progressive one, both modelling 
options were included in the assessment (Table 6).  
Cascading effects which lead to combustible waste imports were included in the 
first two time periods (up to 2035) and modelled as first described in Cimpan et al. 
(IV).  Interactions between the waste sector and background manure-biogas systems 
were included in all future perspectives, under the assumption that 100 % use of 
manure for biogas will not be achieved even in 2050. Lastly, the possible 
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development of material markets and primary material production marginal 
technologies were not specifically addressed in this work. 
Table 5: The four time periods and associated background electricity and heat marginals 
  Strict energy targets Relaxed energy targets 
 Marginal Electricity Heat Electricity Heat 
Present 
2012-
2020 
Continuous 100% coal 
power 
100% natural 
gas 
100% coal 
power 
100% natural 
gas 
Flexible 100% coal 
power 
100% natural 
gas 
100% coal 
power 
100% natural 
gas 
Mid-term 
2020-
2035 
Continuous 10 % coal, 5 % 
natural gas,  
18 % biomass
1
, 
66 % wind and 
solar power 
50 % heat 
pumps and  
50 % natural 
gas 
 
10 % coal, 5 % 
natural gas,  
18 % biomass
1
, 
66 % wind and 
solar power 
50 % heat 
pumps and  
50 % natural 
gas 
 
Flexible 100% coal 
power 
100% natural 
gas 
100% coal 
power 
100% natural 
gas 
Long-
term 
2035-
2050 
Continuous 25 % biomass
1
 
and 75 % wind 
and solar power 
50 % heat 
pumps and  
50 % biomass 
5 % coal, 5 % 
natural gas,  
15 % biomas
1
 
and 75 % wind 
and solar power  
25 % natural 
gas and 50 % 
heat pumps,  
25 % biomass  
Flexible 100 % biomass
2
 100 % biomass 25 % coal, 25 
% natural gas,  
50 % biomass
2
 
50 % natural 
gas and 50 % 
biomass 
Beyond 
2050 
Continuous 100 % wind 
and solar power  
80 % heat 
pumps and 
20 % biomass 
100 % wind 
and solar power  
80 % heat 
pumps and 
20 % biomass 
Flexible 100 % biomass
2
 100 % biomass 100 % biomass
2
 100 % biomass 
1 electricity production in CHP biomass plants 
2 electricity production following wood gasification with syngas reforming to SNG, which is stored and used 
for regulating power (power only production) 
Table 6: Carbon footprint factors for the biomass marginal used in the four time perspectives 
  Progressive biomass marginal Dirty biomass marginal 
 
Unit 
100 years 
amortisation  
20 years 
amortisation  
100 years 
amortisation  
20 years 
amortisation  
Present 
2012-2020 
kg CO₂ 
per MJ 0 0 0.074 0.153 
Mid-term 
2020-2035 
kg CO₂ 
per MJ 0 0 0.074 0.153 
Long-term 
2035-2050 
kg CO₂ 
per MJ 0.009 0.043 0.074 0.153 
Beyond 
2050 
kg CO₂ 
per MJ 0.041 0.123 0.074 0.153 
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Part of Cimpan et al. (V), an economic analysis that covered the first three 
background time periods included in the study, was also performed. The method 
chosen was budget-based economic analysis, which constitutes a total balance of 
costs and benefits over the whole system, without the inclusion of current taxes and 
subsidies, or externalities. As the main focus was to explore future dependencies of 
electricity and heat prices on how energy is produced, other important systems 
aspects such as material prices, and capital and operational costs (except if 
dependent on energy of fuel prices) were kept constant over all three periods.    
Investment and operations costs for this analysis were compiled from a variety of 
sources, such as data provided by the municipalities in the region for existing 
facilities and collection systems, Danish benchmarking reports in the waste sector 
(RenoSam, 2011), the Danish Energy Agency’s technology catalogue (DEA and 
Energinet, 2012) and a number of consultancy reports and research literature (Ea 
Energianalyse, 2014; Møller et al., 2013; Cimpan et al., III). Investment costs for 
central sorting and biowaste pre-treatment have been determined in this work 
directly through techno-economic modelling. Future energy and fuel prices were 
compiled or calculated based on projections by Energinet.dk, which is the owner of 
the Danish electricity and gas transmission system, the Danish Energy Agency 
(DEA, 2014e), and specifically for biomass (wood chips) the report by Bang et al. 
(2013). Production prices for electricity and district heating, used in the assessment 
are presented in Table 7. 
Table 7: Electricity and district heating production prices used in the economic analysis 
  Electricity (MWh) Heat (GJ) 
 Unit Continuous Flexible Continuous Flexible 
Present 
2012-2020 kr./unit 290 (39 EUR) 290 (39 EUR) 73 (10 EUR) 73 (10 EUR) 
Mid-term 
2020-2035 kr./unit 430 (58 EUR) 500 (67 EUR) 67 (9 EUR) 80 (11 EUR) 
Long-term 
2035-2050 kr./unit 500 (67 EUR) 590 (79 EUR) 80 (11EUR) 88 (12 EUR) 
5.3.1 Carbon footprint results – key aspects 
The case study results of Cimpan et al. (V), supported also by previous results in 
Cimpan et al. (IV), showed that the reference waste management system for the 
region of Funen already has substantial climate change mitigation effects (up to 800 
 54 
 
kg CO2 eq. per tonne generated waste in Present background conditions). 
Nevertheless, there is an equally substantial potential for further GHG emission 
savings, even in a present Perspective which was essentially based on traditional 
energy marginals that do not account for system flexibility. Our analysis indicated 
that systems with pre-treatment of residual waste by central sorting could achieve 
an increase in GHG savings of up to 80 kg CO2 eq. over the reference system with 
WtE. A similar increase was seen for instalment of a dual-stream collection of 
recyclables. Combining the latter two options could raise the figure to 150 kg CO2 
eq. (in all cases with accounting of waste import into the systems). The systems 
with added separate collection of biowaste achieved similar savings as the reference 
system, when biowaste was modelled as mono-digested in dedicated biogas 
facilities. Co-digestion with animal slurries showed a large potential for GHG 
savings, respectively adding between 80 and 170 kg CO2 eq. per tonne generated 
waste, considering the two modelling options that accounted for synergies with the 
background manure-biogas systems. The higher savings accounted for avoided 
maize, as a high C co-substrate in manure-biogas plants. 
GHG emission savings attributed to all systems decreased in background scenarios 
considering future background development perspectives (Figure 8). All systems, 
including variants with WtE, followed a pattern of decreasing savings which was 
dependent especially on the diminishing share of fossil-based energy and the 
increasing role of biomass in the future energy system (and the source of the 
biomass marginal). Residual waste management specifically, which is the energy 
recovery part of the systems, became a net contributor to GW in the Long-term and 
Beyond 2050 perspectives, maintaining small savings or a zero contribution only in 
variants with central sorting and a biomass marginal with significant burdens, or 
when biowaste treatment was assumed to displace energy crops in manure-biogas 
digestion plants (Figure 8d). While the magnitude of GHG savings attributed to all 
modelled systems, decreased in a pattern which was dependent on background 
system characteristics, the ranking between alternative systems, and thus 
management strategies, was typically robust (example for biowaste separate 
collection in Figure 9). 
Strategies which prioritize recovery of materials for recycling maintained higher 
GWP savings and were less vulnerable to the decreasing benefits from replacing 
energy produced in future background systems. The energy recovery part of the 
systems dominated system savings especially in the Present and Mid-term in the 
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system archetypes which maintained the current separate collection system (with or 
without the addition of separate collection of biowaste), but in systems with 
comprehensive separate collection of recyclable materials (up to 50% of generated 
waste), system savings by the material recovery part of systems became dominant. 
System burdens were dominated in every case by emissions from combustion 
processes (be it residual waste or RDF), followed by materials reprocessing.   
 
Figure 8: Carbon footprint results (relaxed energy targets and progressive biomass 
marginal): (a) reference system: residual WtE vs. central sorting (0-WtE vs. 0-CS); (b) 
reference system: no vs. separate collection of biowaste (0-WtE vs. 2-WtE); (c) Reference 
collection with Incineration vs. Reference collection + biowaste and central sorting (0-WtE vs. 
2-CS); and (d) same as (b) but without the material recycling part of the system. 
Overall, when synergy with the manure-biogas systems was discounted, systems 
with biowaste separate collection and residual waste WTE achieved very similar 
results to the reference system (with no biowaste collection) in all four time 
perspectives. According to our computation, systems with biowaste collection and 
mono-digestion induced slightly lower savings compared to systems where the bio-
fraction remains in residual waste, but this was compensated by displaced WtE 
capacity and savings gained by waste import in the Present perspective. Mid-term, 
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the benefits of waste import diminished, and savings due to flexible power 
production became visible, while the latter increased in the following two periods, 
maintaining these different system approaches mostly on an equal footing.  
 
Figure 9: Carbon footprint results for case (b) above (no vs. separate collection of biowaste) 
in 4 background combinations: (a) relaxed energy targets and progressive biomass marginal; 
(b) strict energy targets and progressive biomass marginal; (c) relaxed energy targets and 
“dirty” biomass marginal; and (d) strict energy targets and “dirty” biomass marginal 
The change from residual waste incineration to central sorting (both with the current 
separate collection system and the alternative dual-stream), was shown beneficial 
from a GW perspective in all four background time periods (Figure 8a). This was 
due to a threefold contribution by central sorting to: (1) GHG savings by material 
recovery for recycling, (2) GHG savings by contributing to flexible power and heat 
production, and (3) GHG savings from combustion of imported combustible waste, 
due to liberated incineration capacity. The latter contributes to increased savings in 
the Present perspective, but adds negligible savings in Mid-term. From Mid-term to 
Beyond 2050, flexibility due to production of RDF and biomethane determined a 
widening gap in savings between systems with WtE and central sorting. This effect, 
visible in Figure 8a and c, was further amplified in background conditions with a 
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“dirty” biomass marginal. In general, production of storable RDF which avoided 
biomass use for production of district heating in the Long-term and Beyond 2050 
time periods was just as valuable (in terms of GHG savings) as avoiding biomass 
gasification and the use of synthetic gas for peak electricity needs, through the 
production, upgrading and use of biomethane. 
In Figure 10, the contribution of processes associated with the import of 1 tonne of 
combustible waste from the UK to Odense, is presented in three background time 
perspectives. Import in the Long-term perspective is illustrated only for comparison, 
as it was not included in the investigation. In the given background conditions 
(relaxed energy targets and a progressive biomass marginal) import is shown 
detrimental from a global warming perspective in Long-term, however when the 
biomass marginal is changed to a “dirty” source, waste import was shown beneficial 
even is the Long-term perspective. Landfill processes, such as gas collection 
efficiency, and weather the LFG is utilized for energy production influence 
substantially the results, besides the conditions in the background energy system.  
 
Figure 10: GHG balance for the import of one tonne of combustible waste to Odense CHP, 
for background conditions considering relaxed energy targets and a progressive biomass 
marginal, with two types of avoided landfill processes (low and high efficiency). 
In Cimpan et al. (IV) a number of additional system parameters were tested in a 
sensitivity analysis, namely (a) the composition of imported combustible waste and 
(b) the energy recovery efficiency of importing WtE plants (as energy exported to 
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the grids). In the first case, the model was tested with different compositions 
ranging from unprocessed residual MSW to high quality SRF. It was determined 
that the composition of imported waste had actually limited influence on the 
magnitude of GWP savings, but was important for the primary energy balance of 
systems (in the cumulated energy demand analysis). In the second case, the energy 
recovery efficiency of importing plants was changed from the baseline Danish 
plant, to different conditions, some more prone to other areas of Europe, such as: 
relatively high efficiency heat only production, power only production and CHP 
production which just makes the R1 factor threshold of 0.6, required of older WtE 
plants. Results showed that when measured against efficient landfilling with gas 
collection and utilization, import of waste to power only plants (<R1) and R1 plants 
around the threshold could potentially induce more GHG burdens than benefits.  
5.3.2 Budget-based economic assessment results 
The analysis showed that, in most cases, strategies to increase separate collection 
and to modify how residual waste is treated, increased overall system costs 
associated with running these systems (in some cases substantially). Revenues 
associated with increased material sales, sale of electricity and heat for district 
heating, partially compensated for increased system costs. A key area which should 
be prioritized for optimization is waste collection, because of its large share in 
overall system costs. 
The energy prices used in the analysis, which differentiate between flexible and 
continuous production, put a value of storability, and this was reflected in the 
model. Net system costs decreased by up to 20% in the Long-term perspective 
compared to the Present, following increased revenues from sale of electricity and 
heat. The economic value of RDF, as a fuel, to an energy recovery company could 
be estimated to take increasing values between 70 to 580 kr. per tonne (9 to 78 
EUR/tonne) between the Present and Long-term time perspectives (this did not 
account for costs related RDF production). Similarly, the potential economic value 
C-rich biowaste (after a cleaning process) to a manure biogas facility, increased 
from (-9)-47 kr. to 47-215 kr. per tonne ((-1)-6 to 6-29 EUR/tonne).  
Central sorting was more expensive compared to direct incineration of residual 
waste for system variants with biogas production however, it induced similar costs 
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to the system when all waste was converted to RDF (with biodrying technology). 
Further reductions were visible if RDF was used in heat-only boilers compared to 
CHP installations. 
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6 Discussion and perspectives 
The role of central sorting in MSW management 
Early attempts in the 1970s to recover valuable resources (recyclable materials, 
alternative fuels and compost) from mixed municipal waste by mechanical 
processing failed despite attempts to emulate technologies from other established 
sectors, such as mining and agriculture. The complex nature of MSW combined 
with lack of appropriate technology meant that mixed waste processing provided 
materials unsuitable for recycling and risked the spreading of hazardous substances 
in the environment (e.g. heavy metals in compost). While mixed waste processing 
was temporarily abandoned, source separation and separate collection gained 
prominence.  
The first commingled collection schemes for dry recyclables generated by 
households appeared in Europe and North America in the 1980s as a response to the 
increased success of recycling and inherent economic limitations with collecting 
individual materials. They also induced the comeback and subsequent rapid 
development in mechanical processing and sorting technology. During the 
subsequent 20-25 year’s learning curve, the expansion of commingled collection 
and sorting plants has been sometimes associated with lower material qualities and 
resulted in a degree of dependence on export markets accepting such lower 
qualities, such as the growing market in the Far East. During this work we have 
however, found that material quality and process efficiency in the materials 
recovery sector is dependent on a complex set of factors, such as legal frameworks 
on material recovery around the world and fluctuations of supply/demand on the 
material markets which influence accepted quality levels and, thus, operational 
practice (Cimpan et al., II). 
The review of studies which reported the performance of different plants that sort 
commingled recyclables revealed that there is wide variation in process efficiency 
across the materials recovery sector. However, installations built on best-available 
technology and plant design can achieve the same quality levels as that of materials 
from mono-material separate collection. The state-of-the-art today is represented by 
plants which maximize economies of scale (large capacities) and employ complex 
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process configurations, including sensor-based sorting and advanced process control 
(Cimpan et al., II, III). Our investigation also points at the lack of scientific 
publications which address in detail the process efficiency of material recovery 
plants. A growing future challenge, which should be addressed in research, is the 
impact of changes in material composition and complexity, due to evolving patterns 
in production/consumption and technological innovation.  
The increased focus in industrialized/developed countries on material recovery and 
recycling on the one hand and, on the other hand, on diversion of mixed MSW from 
landfills and specifically biodegradable waste in Europe, has created the right 
conditions for a “renaissance” of central sorting of mixed/residual MSW. Today this 
treatment concept hardly takes any resemblance to its early days in the 1970s as it 
can incorporate the state-of-the-art in both mechanical processing and sorting and 
advanced biological treatment. Central sorting, as mechanical and mechanical-
biological pre-treatment of MSW, contributes today to material recovery in many 
European countries and North America, either complementary to or in the complete 
absence of separate collection schemes. In terms of capture rate (material specific 
yields), studies indicate that central sorting efficiency is higher than the average 
source separation efficiency of households. In addition, central sorting serves as an 
alternative to direct thermal treatment in WtE plants, in areas where for practical, 
political or social reasons WtE is not possible. With central sorting, the energy 
recovery potential in mixed residual MSW can be conveyed in partly storable 
waste-derived solid (RDF) or gaseous fuels (biogas) which open possibilities for 
different industrial applications (Cimpan and Wenzel, I). In this work specifically, 
the possible contribution to system flexibility of such energy carriers was of keen 
interest.  
Nevertheless, despite an increasing tally of evidence from studies in a number of 
countries in Europe on the technical viability of central sorting, there remain 
important barriers/questions related to its widespread utilization, especially as a 
strategy for materials recovery and, secondarily, as a treatment option for 
biodegradable organics in MSW. One such barrier is the quality of recovered 
materials for recycling, their market value, and legal status towards different 
recycling options. Similarly, compost and digestion residues, following separation 
of organics from residual MSW, have yet to be proven as safe organic fertilizers for 
agricultural applications. Central sorting poses the further challenge of being in 
contradiction with the general waste policy and strategies at EU level which aim to 
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emphasize environmental protection through source separation and separate 
collection. Yet, these aspects, as well as others like possible economic savings with 
central sorting, have not been widely addressed by researchers, and could constitute 
avenues for further research following this thesis. 
Aspects decisive to future development of waste management 
The analyses in Cimpan et al. (IV and V) provide evidence that maintaining the 
same strategy regarding the management of residual MSW, which is continuous 
WtE, would lead to a gradual loss of economic, as well as environmental benefits 
related to avoiding background energy production, and eventually residual MSW 
management would lead to net contributions to global warming. Strategies based on 
central sorting of residual waste, on the other hand, could maintain net benefits in 
all time periods towards implementation of the anticipated renewable energy system 
and within all background conditions tested. Central to these results was the 
contribution made by production and utilization of RDF for district heating during 
the cold season, which avoided the utilization of other peak load heat boilers, based 
on either fossil or biomass fuels. Production and flexible utilization of upgraded 
biomethane, following digestion of organic fractions separated by central sorting, 
did not seem to contribute additional benefits. One reason for this is the fact that 
with mechanical-based central sorting the organic fraction of MSW directed to 
digestion processes is still rather small, in terms of total energy content in residual 
MSW, making the effects of flexible biomethane utilization equally minor. This 
aspect could be clarified by modelling of a technology such as Renescience (Tonini 
and Astrup, 2012), which has the ability to capture almost the entire biodegradable 
organic fraction in residual MSW (including for e.g. paper and cardboard 
materials).  
The transition towards energy systems based fully or predominantly on renewable 
sources will likely require substantial use of biomass resources. A large number of 
studies have already shown that the possible environmental impacts of biomass 
utilization could be substantial and in some cases higher than that of fossil fuels 
(Hamelin, 2013, Tonini, 2013, Wenzel et al., 2014). This work indicates that the 
possible effects of biomass use in the energy system, on the environmental profile 
of waste management are also substantial. While in short and medium-term, MSW 
management would see a decrease in GHG savings, consistent with the diminishing 
share of fossil fuels in the energy system, the scale of remaining, possible savings in 
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a longer term perspective, related to waste-derived energy, are determined largely 
by the share (in the energy system) and especially by the source of the biomass 
marginal.  
Perhaps the most important opportunity to increase environmental benefits and 
possibly the economic feasibility of MSW management operations, which was 
highlighted in this work, is making biodegradable organic waste from households 
available for co-digestion in manure-biogas plants. In this way, potentially large 
GHG emissions savings could be achieved due to: (1) intrinsic support to increasing 
manure-based biogas production while avoiding some of the burdens associated 
with reference manure management, and/or (2) avoiding the utilization of other 
(marginal) high-C co-substrates, which most likely are energy crops, the production 
of which comes in direct land use competition with food or feed crops, thus 
implicitly leading to indirect land use changes through the food/feed crop 
displacements into land use change somewhere else in the world. In this work both 
effects were identified through heuristic methods and therefore further research on 
market mechanisms would be an opportunity to validate these effects. 
Considering that around 20% of the district heating needs in Denmark are met by 
WtE plants, the proper utilization of this capacity is both important in the short-
term, as well as its conversion to technologies with increased production flexibility 
in the longer-term. This will most likely ensure a successful integration of waste-
derived energy, in terms of environmental and economic effects, into future district 
heating systems, which are planned to be based largely on smart utilization of 
storage techniques and heat pumps. 
This work indicates that waste import plays an important role in short term, and it 
could be viewed as a support mechanism to the gradual change in how waste is 
managed, from systems relying heavily on continuous WtE to systems prioritizing 
material recovery and storable waste-derived energy carriers. It basically insures a 
buffer, both in terms of GHG savings and economy for existing treatment 
infrastructure. The reduction of WtE capacity is nevertheless inevitable and desired 
in longer tem perspective, as continuous WtE will most likely become a net GHG 
emissions contributor. This is mostly because of the presence of fossil C-based 
materials in the waste, an aspect that could also change to some extent in the future.  
Storage of waste-derived fuels, such as RDF, presents specific challenges especially 
when the content of biodegradable organic material accounts for high shares such as 
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with biodried residual MSW. If improperly stored, there are risks for emissions of 
GHGs (due to degradation processes in anaerobic conditions) and especially risk of 
fires (DEFRA, 2011, Koseki, 2012). These can be mitigated by following existing 
procedures and standards for storage of solid fuels.  
Besides Switzerland, Denmark is the only other European country which has not 
adopted extended producer responsibility-based schemes (EPR) for packaging 
waste. The process of transposition of the EU Packaging and Packaging Waste 
Directive (1994) differed from other countries due to already existing legislation, 
thanks to which the earlier targets of the directive were already met. Certain 
beverage containers are collected through one of the oldest deposit-refund systems 
in Europe, while traditionally all other recyclable materials arising in households as 
both packaging and non-packaging waste were delivered by citizens mainly to 
public separate collection schemes, which are entirely the responsibility of 
municipalities. With the current strong push to increase recycling and the focus on 
kerbside collection as a means to achieve targets and a delivery of high service to 
households, overall system costs are likely to increase. The lack of industry based 
funding for collection and treatment of recyclable materials (especially plastics), 
could become a barrier to implementation of comprehensive recycling-based 
systems.  
The strength of EPR is a superior managerial capacity in terms of organizing 
collection and treatment infrastructure, including recycling markets which transcend 
the local scale, even the national scale, and make use of economies of scale at every 
point in the waste management chain (Massarutto, 2014). In the absence of EPR, 
Danish municipal authorities should have a strong focus on collaboration on the one 
hand, and find innovative ways to achieve high materials recovery for recycling, 
such as the utilization of central sorting, on the other hand.  
Perspectives 
An important objective of this work has been to model effects and synergies which 
occur as a consequence of existing and future background conditions, when 
different strategies are implemented regarding municipal waste management. This 
was a major undertaking, which in many respects could not satisfy all the 
recommendations of Ekvall et al. (2007) regarding system dynamics and modelling 
of effects on background system (Chapter 3). Particularly, the methods used to 
identify possible candidates for electricity and heat marginals (both for continuous 
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and flexible production), were based on a rather simplified representation of the 
complex and dynamic nature of the energy system, principally for the background 
time periods after 2035. Considerable research is necessary to better integrate waste 
system models and energy system analysis models, but some of the first steps have 
been taken in this PhD and are being addressed with the work of Münster et al. 
(2013, 2015). On this note, the mass flow modelling and evaluation of waste 
management systems in future perspectives could be extended by including a 
number of system dynamics, such as projecting future efficiencies of different 
treatment technologies, as well as forecasting of future waste amounts and waste 
composition/characteristics which might change due to evolving consumption 
patterns. 
Another weakness of typical LCA models identified by Ekvall et al. (2007), and 
which is of particular interest to the author from a future research perspective, was 
that they cannot represent non-linear effects, which are included in economic 
models and account for aspects such as “economies of scale”, “diminishing returns” 
or “increasing marginal cost” (Massarutto, 2015). Ekvall et al. (2007) give the 
example of probable increasing marginal environmental burdens with increasing 
waste collection needs, while Massarutto (2015), exemplify with the decreasing 
quality of recyclable materials as collection schemes push beyond “lower hanging 
fruits”. Due to this aspect, Ekvall et al. (2007) concluded that typical LCA models 
cannot be used for identifying optimal reuse and recycling rates. Nevertheless, such 
non-linear relationships can be specifically added through parameters in LCA 
modelling, as for example Rigamonti et al. (2009) have done for decreasing 
qualities in separate collection. 
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7 Conclusions 
The main findings of this research can be summarized as follows: 
(1) Physical/mechanical processing and sorting technology has reached a high level 
of maturity. The state-of-the-art, within sorting of commingled recyclables, is 
represented by materials recovery facilities which maximize economies of scale 
(large capacities) and employ complex process configurations, including 
sensor-based sorting and advanced process control. Such technological 
innovations are also being successfully used to upgrade or design residual 
MSW processing plants around the world.  
(2) From a resource recovery perspective, a strong motivation for residual MSW 
processing is its potential as a central sorting alternative to source separation 
and separate collection for recyclable materials, in areas where such programs 
are difficult to implement or optimize, such as urban agglomerations. However, 
despite what can be proclaimed as proven technical feasibility, central sorting of 
residual/mixed MSW still poses a number of contextual and factual challenges, 
which require comprehensive investigation. From an energy recovery 
perspective, mechanical and mechanical-biological processing of MSW may be 
used to convey the energy content of MSW in partly storable waste-derived 
solid (RDF) or gaseous fuels (biogas) which open possibilities for future 
integration of WtE in energy systems which require increased flexibility. 
(3) Implementation of strategies for increasing recycling and/or optimization of 
waste-derived energy recovery in Denmark were found to have a number of 
synergetic relationships with background systems other than energy production, 
such as manure-biogas systems. Here synergy-based effects strongly advocate 
for the source separation of household organic waste as this waste management 
strategy/decision would support the wider strategy to expand bioenergy while at 
the same time have significant GHGs savings by avoiding the reference 
management of animal manure in Denmark and/or reduce the utilization of 
energy crops as a high-C co-substrate in manure-biogas plants. This takes into 
account potential contamination risks with the alternative central sorting of 
organics from residual MSW, despite the possible higher recovery rates. 
(4) Another indirect effect, which was the focus of investigation in this thesis is 
determined by diversion of waste amounts from existing WtE infrastructure in 
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countries with self-sufficient waste management systems. This results in import 
of combustible waste into such systems, which directly or through cascading 
effects induces a reduction in marginal waste management (which on the short 
term is landfilling) in countries which do not have self-sufficient treatment 
capacity. The net result of such indirect effects today, depending on the type of 
avoided disposal operations, can lead to GHG savings of 500-1000 kg CO2 eq. 
per tonne of imported combustible waste. Naturally, these potential savings 
decrease in future perspectives with background conditions characterized by 
high shares of renewable energy, and eventually become net burdens. 
(5) Simulation through mass flow modelling of comprehensive kerbside collection 
of recyclables, biowaste, combined with central sorting and/or WtE of 
remaining residual MSW, indicated that very high recycling rates are possible, 
and that through short-to-medium term waste imports, the same or a higher 
amount of waste-derived energy could be supplied to the background energy 
system. In a longer term perspective, systems which prioritized recovery of 
materials for recycling maintain higher GWP savings and are less vulnerable to 
the decreasing benefits from replacing energy produced in future background 
systems. 
(6) The evaluation by carbon footprint (based on consequential LCA methodology), 
of reference (WtE) and alternative strategies to waste-derived energy 
integration (biomethane and RDF), against different sets of background 
conditions, which represent the most probable future development of the Danish 
energy system, yielded a number of meaningful conclusions.  
In short-to-medium term, MSW management would see a decrease in GHG 
savings, consistent with the diminishing share of fossil fuels in the energy 
system. The ability to maintain net waste-derived GHG savings from waste 
energy recovery in a longer term perspective is found to be determined by the 
ability to integrate energy production in the surrounding energy system, and 
therefore the ability to displace other peak energy production, based on 
remaining fossil fuels or increasingly biomass. In a fully renewable background 
energy system, the marginal source for biomass utilization, would determine the 
magnitude of savings related to flexible waste-derived energy production. 
Systems based on central sorting, with production of storable RDF for intended 
utilization in the cold season in district heating networks were indicated as 
especially relevant, and consistently attained net GW benefits in all modelled 
background situations superior to direct WtE.  
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a b s t r a c t
Primary energy savings potential is used to compare ﬁve residual municipal solid waste treatment sys-
tems, including conﬁgurations with mechanical (MT) and mechanical–biological (MBT) pre-treatment,
which produce waste-derived fuels (RDF and SRF), biogas and/or recover additional materials for recy-
cling, alongside a system based on conventional mass burn waste-to-energy and ash treatment. To exam-
ine the magnitude of potential savings we consider two energy efﬁciency levels (state-of-the-art and best
available technology), the inclusion/exclusion of heat recovery (CHP vs. PP) and three different back-
ground end-use energy production systems (coal condensing electricity and natural gas heat, Nordic elec-
tricity mix and natural gas heat, and coal CHP energy quality allocation).
The systems achieved net primary energy savings in a range between 34 and 140 MJprimary/100 MJinput
waste, in the different scenario settings. The energy footprint of transportation needs, pre-treatment and
reprocessing of recyclable materials was 3–9.5%, 1–18% and 1–8% respectively, relative to total energy
savings. Mass combustion WtE achieved the highest savings in scenarios with CHP production, nonethe-
less, MBT-based systems had similarly high performance if SRF streams were co-combusted with coal.
When RDF and SRF was only used in dedicated WtE plants, MBT-based systems totalled lower savings
due to inherent system losses and additional energy costs. In scenarios without heat recovery, the biodry-
ing MBS-based system achieved the highest savings, on the condition of SRF co-combustion. As a sensi-
tivity scenario, alternative utilisation of SRF in cement kilns was modelled. It supported similar or higher
net savings for all pre-treatment systems compared to mass combustion WtE, except when WtE CHP was
possible in the ﬁrst two background energy scenarios. Recovery of plastics for recycling before energy
recovery increased net energy savings in most scenario variations, over those of full stream combustion.
Sensitivity to assumptions regarding virgin plastic substitution was tested and was found to mostly
favour plastic recovery.
 2013 Elsevier Ltd. All rights reserved.
1. Introduction
The well-established alternatives to treating mixed or residual
municipal solid waste (MMSW) today are mass grate combustion
or thermal Waste-to-Energy (WtE), different Mechanical–
Biological Treatment (MBT) concepts followed by energy recovery
and direct disposal through landﬁlling. Many less proven alterna-
tives also exist, such as waste pyrolysis, gasiﬁcation and mechani-
cal heat treatment (e.g. Papageorgiou et al., 2009; Arena, 2012).
The waste reﬁnery concept is another alternative that has been
materialised in Denmark through the Renescience technology
(Tonini and Astrup, 2012).
A number of studies have been dedicated to comparing the en-
ergy efﬁciency and overall environmental performance of direct
WtE and Mechanical–Biological Treatment conﬁgurations (e.g.
Consonni et al., 2005a,b; Christensen et al., 2009; Papageorgiou
et al., 2009; Koci and Trecakova, 2011; Ketelsen, 2012).
Zeschmar-Lahl (2010) made a review of six studies performed in
Germany between 2003 and 2009. Results vary widely between
studies, depending on system boundaries, background conditions
and assumed process efﬁciencies across treatment chains. In gen-
eral, no consensus has been reached, as both alternative treatment
strategies are found to be preferable in different conditions and re-
gional settings.
For example, Consonni et al. (2005a,b) compared four generic
scenarios based on waste management strategies implemented in
different regions of Italy. The ﬁrst strategy, in which residual waste
is treated directly in a conventionalWtE plant, is compared to strat-
egies where the waste is subjected to a light mechanical treatment
followed by waste incineration (strategy 2), mechanical biological
0956-053X/$ - see front matter  2013 Elsevier Ltd. All rights reserved.
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stabilization – MBS (strategy 3) and classical composting MBT
(strategy 4), both followed by refuse-derived fuel (RDF) utilisation
in a ﬂuidized bed combustor. Comprehensive mass and energy bal-
ances showed that additional energy use and speciﬁc losses during
processing determined lower energy savings in all alternatives
compared to direct WtE. In a subsequent study, Consonni et al.
(2006) added co-combustion of RDF in coal-ﬁred power plants
and utilisation in cement kilns. Both alternatives showed similar
or better energy savings compared to conventional WtE. These re-
sults were recently augmented by Rigamonti et al. (2012), sup-
ported by long term monitoring in a coal-ﬁred power plant.
Wallmann et al. (2008) calculated the energy efﬁciency of dif-
ferent MBT concepts (MBT with composting, -with biogas and bio-
logical drying MBS) by making primary energy balances based on
operational data from 18 to 20 plants. System boundaries started
at plant and ended with the outputs generated. Electricity, gas
and diesel used in plant operation were converted to primary en-
ergy by using coefﬁcients that account for the cumulated energy
demand of their production and supply. The calculation stopped
at considering the energy content of energy carrying outputs (i.e.
RDF and biogas) as primary energy further available. Results
showed that, on average, 59–72% of the energy invested in the
MBT systems was available in their outputs. Ketelsen (2012) devel-
oped a balancing model which calculates energy efﬁciency and cli-
mate-relevant CO2 emissions for process combinations using MBT
technologies. Input data from 15 facilities (MBT plants) was used to
calculate the respective parameters and then make an overall com-
parison to direct thermal treatment of waste. Results reﬂected a
great variability in energy efﬁciency and CO2 footprint between
MBT plants and their extended energy recovery systems. On aver-
age, however, MBT waste management systems had an advantage
over direct thermal treatment.
Material recovery from municipal solid waste has been, on the
one hand, addressed in many comprehensive studies which com-
pare different source separation and collection methods (e.g.
Dahlén et al., 2007; Larsen et al., 2010; Bernstad et al., 2011). Nev-
ertheless, considerable amounts of recyclable materials are left in
the residual stream even in waste management systems with
extensive separate collection. On the other hand, studies which as-
sess residual waste treatment strategies are usually focused on en-
ergy recovery alternatives and their efﬁciencies and are recurrently
handling resource recovery in a generic and limited way. Van Berlo
and De Waart (2008) compared variants of landﬁlling and variants
of WtE by using an array of different performance indicators such
as primary resources, diversion rate, energy efﬁciency, the R1-
formula, exergy efﬁciency and CO2 balance. Advantages and
shortcomings of the different methods of evaluation are discussed
together with the relevance of their results. The study concluded
that performance indicators that combine conversion efﬁciency
to energy products with resource efﬁciency (substitution of pri-
mary materials) and application efﬁciency (e.g. quality of energy)
can offer a more comprehensive base for development strategies
in waste management.
Mechanical and mechanical–biological treatment processes
manipulate and convert raw waste into different streams which
are directed either to material recycling, energy recovery or dis-
posal. They create opportunities to recover additional resources
and broaden the range of possible energy recovery applications,
including high efﬁciency industrial processes. However, they also
increase system complexity, they add inherent system losses and
induce additional energy consumption. Considerable research has
yet to be dedicated to demonstrate the environmental, resource
and socio-economic relevance of these alternatives (Velis and
Cooper, 2013). In the present study ﬁve residual waste treatment
systems are compared from a holistic perspective by means of life
cycle energy balances. The main objective was to contribute to the
understanding of energy and resource efﬁciency of such complex
integrated systems considered alternatives to conventional WtE.
The magnitude of potential savings was examined considering
different technological energy recovery alternatives, variation in
energy recovery efﬁciency and the inﬂuence of different back-
ground conditions and end-use energy production.
2. Methodology
2.1. Life cycle energy balance
The comparison of alternative systems for residual waste treat-
ment has been addressed in this study by performing a complete
life cycle energy balance for each system. Each system consumes
materials and energy in order to operate, accounted for as system
burdens or induced ﬂows. During the treatment process, recovered
and utilised materials and energy are generated, and accounted for
as functional outputs from the system. These functional outputs
are modelled to include the markets at which they are sold and
at which they replace alternative supplies of the same functional
outputs. The scope of the modelled system is, then, expanded to in-
clude these replaced alternative ﬂows, also called avoided ﬂows.
The waste treatment system is, thus, credited with substituting a
similar amount of materials or energy produced from primary
sources. Similar to full Life Cycle Assessment (LCA) studies, all in-
duced and avoided ﬂows are included from the initial induced
fuel/ore extraction to the ﬁnal avoided fuel/ore extraction, thus
providing an account of all cumulated energy along the whole
chain of operations. This energy accounting is also expressed as
the primary energy balance. Hence, induced and avoided material
streams are also converted and expressed as the energy value of
all induced/avoided fuel and feedstock in their supply chain. The
result of the life cycle energy balance is a net quantity of primary
energy, expressed as kgoil eq. or MJprimary per unit processed waste,
which in turn is the difference between total primary energy in-
duced and total primary energy avoided by that system.
2.1.1. System boundaries
Upstream burdens for the production and use of the materials
that end up in waste are not considered based on the ‘‘zero
burden’’ assumption used in LCA of waste management systems
(Ekvall et al., 2007). System boundaries are illustrated in Fig. 1.
Alternative treatment systems start at the point of waste genera-
tion, with collection and transport of waste to the ﬁrst system pro-
cess, namely pre-treatment. Intermediary products generated
during pre-treatment are sent to further reﬁning, energy recovery
or directly to disposal. Secondary wastes arise at this point (e.g.
sorting residues, bottom ashes) which are reprocessed or directly
disposed of. In the third step, material streams (i.e. metals and
plastics) are reprocessed to secondary materials. Secondary pro-
duced materials and recovered energy replace primary materials
produced from virgin sources and background energy production,
on their respective markets. Secondary waste ﬂows arising in ﬁnal
reprocessing were not included in the model.
For each unit process in the system, the primary energy equiv-
alent of each process speciﬁc energy and material input is ac-
counted for, and outputs are modelled by efﬁciency coefﬁcients
which determine intermediary to ﬁnal outputs. Any transport/
transfer from one unit process to another has been accounted for
as energy (diesel) consumption by transportation.
The ﬁve alternative systems assessed in this study are described
in detail in Section 2.2. The essential difference between alterna-
tives is the pre-treatment step, while energy recovery and material
reprocessing steps are deﬁned in a set of common scenarios. Mass
and energy ﬂows within pre-treatment processes are based on
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speciﬁc yearly operational data from three plants described in
Section 2.2.1. Due to small differences between the plants, in the
caloriﬁc value of the input waste processed, it was assessed that
energy balances per tonne input are not directly comparable. A
further normalisation of the primary energy balance results was
applied, whereby consumption and savings were quantiﬁed
relative to energy content of input waste. Results both before
and after normalisation are presented in the results section of this
paper.
2.1.2. Efﬁciency levels of compared technologies
Waste-to-energy plants in this investigation comprise of (1)
conventional mass grate thermal treatment plants and (2) dedi-
cated, so-called RDF mono-combustion plants. They have consider-
ably different energy efﬁciencies across Europe depending on a
variety of factors including the age and size of plants, location,
which is crucial for possibilities to market energy outputs, and
the existence of national incentive programmes which support
optimisation and technological advances in energy recovery. This
is shown by studies that have reviewed large numbers of waste
incineration plants, such as that of Reimann (2009) and Grosso
et al. (2010).
In this study both RDF and SRF (solid recovered fuels) denote
combustible, high caloriﬁc value waste mixtures separated by
mechanical treatment from residual waste, however, with the
important distinction that SRF is prepared to meet certain quality
requirements which make it suitable for advanced energy recovery
applications such as co-combustion with conventional fossil fuels
in industrial plants (Velis et al., 2010).
In order to reﬂect the wide range of variation found in energy
efﬁciency of waste-to-energy plants across Europe, and to allow
comparisons of alternatives on an equal footing, two main techno-
logical efﬁciency scenarios have been deﬁned:
 SotA (State-of-the-Art): Energy recovery efﬁciency equals the
average of new WtE plants constructed in Europe. RDF/SRF
streams are modelled used in mono-combustion plants.
 BAT (Best Available Technology): Energy recovery efﬁciencies
equal the best case WtE in operation today. SRF streams are
co-combusted with coal in coal-ﬁred power plants.
These main technology scenarios have two variations: (1) heat
utilisation is possible and WtE includes CHP production, (2) heat
utilisation is not possible and WtE includes only electricity or PP
production. Technologies and selected efﬁciencies are described in
detail in Section 2.2.2.
2.1.3. Background or primary energy production
The primary energy demand to produce end-use energy such as
electricity and heat, differs to a large extent based on the conver-
sion technology and source of primary energy used (e.g. coal, nat-
ural gas, renewable). As such, a comparison of waste treatment
systems based on their potential for primary energy substitution
is only feasible by choosing background energy systems and using
them as the reference against which energy production from waste
is assessed, i.e. type of energy production avoided by waste-
recovered energy.
Three background energy production systems were chosen in
this study. Conversion coefﬁcients to primary energy were deter-
mined from Dones et al. (2007) and are presented in Table 1. These
coefﬁcients account for energy spent in extraction, reﬁning, provi-
sion of fuels, supplementary fuel used for start-up operations and
energy conversion in the energy production plants.
 Coal PP and natural gas – this background energy system sce-
nario assumes electricity production in condensing coal-ﬁred
plants (average plant in Scandinavia, PP – power production
only) and heat production in decentralized natural gas boilers.
 Nordel mix and natural gas – this background energy system
scenario assumes electricity production based on the Nordic
electricity mix in 2000 described in Dones et al. (2007), which
combines the national mixes of Denmark, Norway, Sweden
and Finland. Nordel accounts for a mix with shares of non-
renewable sources, i.e. fossil and nuclear, and large shares of
renewable sources such as biomass, hydropower, and wind-
solar-geothermal. Heat production is still assumed from decen-
tralized natural gas boilers.
 Coal CHP with allocation based on energy quality – this back-
ground energy system scenario assumes both heat and electric-
ity is produced in large efﬁcient CHP coal-ﬁred power plants
with an efﬁciency of 40% electricity and 45% heat (DEA and
Fig. 1. Conceptual system model for residual waste treatment.
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Energinet, 2012). The primary energy (mainly the fuel used) for
production of electricity and heat is allocated between the two
outputs using the energy quality method described by
Fruergaard et al. (2009), and are reﬂected in the coefﬁcients
for this scenario (Table 1).
Daily and seasonal variation in heat demand has been consid-
ered and therefore, as a baseline condition, only 70% of produced
heat in all CHP scenarios substitutes heat produced in the back-
ground energy system.
2.1.4. Primary production of materials and fuels
The primary energy demand for virgin metals production was
calculated based on data from Classen et al. (2009). The ﬁnal ﬁg-
ures used account 23 MJ kg1 for virgin steel, 194 MJ kg1 for vir-
gin aluminium and 60 MJ kg1 for virgin copper production. The
primary energy demand for production of virgin plastic granulates
was calculated based on Hischier (2007). The ﬁgure chosen,
80 MJ kg1 plastic granulate, reﬂects the average of four types of
virgin plastic, which are the most commonly used in packaging
found in MSW (i.e. PET, HDPE, LDPE and PP). Primary fuels, such
as hard coal, natural gas and diesel are consumed in the treatment
processes and transportation or are avoided by secondary recov-
ered products. The primary energy necessary for extraction, reﬁn-
ing and provision of these fuels has been calculated based on the
report by Dones et al. (2007).
2.2. Alternative residual waste treatment systems compared
The main difference between the alternative systems investi-
gated lays in the type of pre-treatment applied and, therefore,
the names chosen for the systems reﬂect the pre-treatment
process.
 MBT Composting – mechanical biological treatment with com-
posting of the organic ﬁne fraction.
 MBT Anaerobic digestion – mechanical biological treatment
with biogas production (dry AD).
 MBS Biological drying – mechanical biological stabilization or
biodrying MBT.
 MT Mechanical pre-treatment – mechanical processing before
energy recovery.
 WtE Mass combustion – conventional mass grate combustion
without pre-treatment.
2.2.1. Mass and energy ﬂows within pre-treatment
Mass ﬂows were established based on yearly operational data in
three plants described in the sections below. Available analytic
data on inputs and outputs in the same plants was used to estab-
lish energy balances related to waste energy content. Process en-
ergy consumption ﬁgures are based on operation in the speciﬁc
plants except for MBT Composting and MBT Anaerobic digestion
which are averages of 7 and respectively 6 German plants
(Ketelsen, 2012).
2.2.1.1. MBT Composting. The pre-treatment section within the
treatment chain for this alternative is represented by mechanical
and biological processing which takes place in an MBT plant based
on the material stream separation concept (Thiel and Thomé-
Kozmiensky, 2010). The Ennigerloh MBT plant in Germany, which
was used to establish mass and energy balances, receives residual
or mixed MSW from households (70%) and similar Commercial and
Institutional waste (C&I – 30%). The waste from the two sources is
processed on two lines which merge after initial size reduction and
sieving. At this point, the waste has a LHV of 10.8 MJ kg1. A sim-
pliﬁed process ﬂow diagram with mass and energy balances is pre-
sented in Fig. 2a. The outputs from mechanical processing are (1)
metal concentrates, (2) two middle caloriﬁc (RDF) fractions and
one high caloriﬁc (SRF) fraction (LHV 19–23 MJ kg1), and (3) a
fraction with low caloriﬁc value containing most of the biodegrad-
able organic and inert material fractions. The SRF is further ‘nega-
tively sorted on NIR machines, i.e. to remove PVC plastics, and is
size reduced to 20–30 mm in order to be sold as high quality alter-
native fuel. The low caloriﬁc organic fraction is composted and sta-
bilized before being landﬁlled in special cells. The two RDF streams
are sent to dedicated mono-combustion plants while the PVC rich
residues are sent to conventional thermal treatment plants. The to-
tal end-use energy consumption for pre-treatment was modelled
as electricity - 45 kW hel. and natural gas - 41 kW hNG per tonne
of processed waste.
2.2.1.2. MBT Anaerobic digestion. Pre-treatment was modelled in
this alternative based on the same composting MBT plant with
the important difference that the organic ﬁne fraction is ﬁrst used
for biogas production and subsequently the digestion residues are
stabilized before being landﬁlled. Anaerobic digestion is based on
the study by Ketelsen et al. (2010) and consists of a single stage
mesophilic, dry digestion process. Typical biogas yields in German
plants are between 130 and 150 Nm3 per tonne input to digestion
with a CH4 content of 55%. In this study, the organic ﬁne fraction
constitutes about 40% of the input to pre-treatment, which corre-
sponds to a production of 57 Nm3 biogas per tonne input waste
(biogas LHV is 19 MJ/Nm3). The total end-use energy consumption
modelled consists of 65 kW hel. and 58 kW hNG per tonne of pro-
cessed waste.
2.2.1.3. MBS Biological drying. Mass and energy ﬂows are based on
the MBS plant located in Osnabrück, Germany, which is treating
residual waste from households with a LHV of approximately
9 MJ kg1. Pre-treatment consists of coarse shredding before the
biological drying process, followed by intensive mechanical pro-
cessing (Fig. 2b). For a comprehensive review of process and engi-
neering for bioconversion by biological drying please refer to Velis
et al. (2009). Biological drying is performed in closed reactors and
is optimised to preserve most of the caloriﬁc value of degradable
organic matter by controlling the biodegradation process (duration
of 7 days). In the mass balance established for this plant, incoming
waste is reduced by approx. 28%, consisting of 25% moisture and
3% easily degradable dry matter. The dried waste is mechanically
processed to recover metal concentrates and remove inert materi-
als (e.g. stones, glass), which are landﬁlled. The remaining stream
constitutes a high caloriﬁc SRF with a LHV of around 15 MJ kg1.
Pre-treatment energy use amounts to 100 kW hel. and 25 kW hNG
tonne1.
2.2.1.4. MT Mechanical pre-treatment. Mass and energy ﬂows as
well as energy consumption for pre-treatment, in this alternative,
is modelled based on operational experience in the large integrated
waste management facility in Wijster, the Netherlands (described
by Woelders et al. (2011)). Here, residual MSW from households
(80%) and similar C&I waste (20%) with a LHV of 10.5 MJ kg1
Table 1
Primary energy conversion coefﬁcients.
Energy
product
Coal PP scenario
(MJprimary/
MJenergy product)
Nordel 2000 mix
scenario (MJprimary/
MJenergy product)
Coal CHP energy
quality scenario
(MJprimary/MJenergy
product)
Electricity 3.18 2.26 2.43
Heat 1.40 1.40 0.28
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was mechanically processed on three identical lines in order to re-
move high caloriﬁc fractions before the remaining stream was fed
to the attached WtE plant without further treatment. By the end of
2010, one of the three lines was upgraded with additional unit pro-
cesses (including NIR sorters) in order to remove plastic fractions
for recycling from the treated waste. The efﬁciency of this line
was documented by Van Velzen and Jansen (2011). The upgraded
line is the basis for pre-treatment used in this study and a simpli-
ﬁed process ﬂow diagram is presented in Fig. 2c. The waste re-
ceived by the plant comes from municipalities that do not have
separate collection of plastic packaging waste. The so called ‘‘post
separation’’ process for plastics performed ‘‘centrally’’ at the plant
is recognised by the Dutch authorities as an alternative and com-
plementary to source separation and separate collection. The plas-
tic concentrates removed, consisting of hard plastics and a foil
plastic concentrate, represent about 8% of the mass fed to this pro-
cess line. However they also make up to around 20% of the energy
content in the waste which is then, of course, unavailable for the
subsequent energy recovery. Additionally, the process generates
a high caloriﬁc SRF (14 MJ kg1) and a middle caloriﬁc RDF
(12 MJ kg1) which are also exported for energy recovery. The
remaining mixture, which is fed to conventional WtE, constitutes
around 75% by weight of the initial input and has a LHV just above
8 MJ kg1. End-use energy consumption for mechanical processing
is 15 kW hel. per tonne waste processed.
2.2.1.5. WtE Mass combustion. This alternative involves no pre-
treatment of waste. The waste input was modelled as residual
MSW with a LHV of 10 MJ kg1, constituting of domestic waste
(80%) and similar C&I waste (20%). Bottom ash is processed to re-
cover metals and is deposited in a landﬁll (further detailed in
Section 2.2.3).
2.2.2. Energy recovery after pre-treatment
Typical new waste incineration plants in Europe, which can be
considered state-of-the-art, have net electrical efﬁciencies be-
tween 18% and 24%, mainly depending on their size and boiler
steam parameters (Van Berlo and De Waart, 2008). However, there
are several examples of highly advanced WtE plants with signiﬁ-
cantly higher electrical efﬁciencies (Gohlke and Martin, 2007;
Gohlke et al., 2007). These plants employ a range of measures to
increase efﬁciency, such as increased steam parameters, reduced
air rate and intermediate reheating, in order to achieve net
waste-to-electricity efﬁciencies of up to 30–32%, exempliﬁed by
the WtE plant in Amsterdam. Further increases can be achieved
for example by external superheating in fossil-ﬁred boilers (e.g.
WtE plants in Mainz and Bilbao), however these options were be-
yond the scope of this study.
In northern Europe, heat recovery plays an important role and,
WtE plants are usually optimised for combined production of heat
and electricity (CHP). CHP production implies a reduction in the
amount of electricity that can be produced (i.e. electricity derat-
ing). The usual approach to calculating electricity derating is by
using the Carnot factor for heat (Fruergaard et al., 2009; DEA and
Energinet, 2012). However, this approach does not take into con-
sideration that state-of-the-art CHP plants, compared to PP plants,
Fig. 2. Mass and energy ﬂows in pre-treatment: (a) mechanical part of MBT Composting (b) MBS Biological drying and mechanical treatment (c) mechanical treatment (MT)
before energy recovery.
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are optimised for high recovery of residual heat, including ﬂue gas
condensation in many cases, which allows for both efﬁcient elec-
tricity and heat recovery. In this study, electricity derating was ac-
counted for by choosing appropriate efﬁciency levels consistent
with state-of-the-art and best available examples of existing WtE
plants.
RDF mono-combustion plants are essentially waste incineration
plants built to accommodate feedstock with a high degree of vari-
ation in caloriﬁc value such as middle caloriﬁc RDF streams. RDF
with a more homogeneous particle size distribution allows for
the use of ﬂuidized bed systems additionally to grate combustion
systems (Friege and Fendel, 2011). However, energy recovery efﬁ-
ciency is only marginally improved by the use of RDF compared to
raw residual waste, mainly due to limitations to boiler steam
parameters, which apply for both types of fuel.
Approximately 800,000 tonnes of SRF were co-combusted in
coal-ﬁred power plants in 2010 in Germany, 78% of which in
brown or lignite coal-ﬁred and 22% in hard coal or black coal-ﬁred
power plants. A thorough and updated overview of the situation of
co-combustion of SRF in coal-ﬁred power plants in Germany can be
found in Thiel and Thome-Kozmiensky (2012). Requirements on
SRF quality are higher than for any alternative thermal recovery
options (e.g. cement kilns, RDF mono-combustion) and the risk of
severe technical damage by the use of SRF to modern high-
efﬁciency Benson boilers (i.e. supercritical steam state boilers)
restricts the use of SRF to older power plants (Friege and Fendel,
2011). Maier et al. (2011) reported the average electricity efﬁ-
ciency of nine coal-ﬁred plants that co-combust SRF at 35–36%,
which is lower than the state-of-the-art of 40–44% for pulverized
coal-ﬁred plants with advanced steam processes.
2.2.2.1. Efﬁciency of combustion-based techniques. WtE plants, both
conventional and RDF combustors, were modelled with
increasing efﬁciencies in the two main energy recovery scenar-
ios, also for the scenario variations of CHP and PP. Efﬁciency
parameters were settled in the SotA scenario to 18% net electric-
ity and 60% heat recovery efﬁciency for CHP and 22% net electri-
cal efﬁciency for power only, while in the BAT scenario, this was
26% net electricity and 60% heat recovery efﬁciency for CHP
production and 30% net electrical efﬁciency for power only pro-
duction respectively.
Pre-treatment techniques in the ﬁrst four alternatives of the
study produce SRF streams which were modelled co-combusted
with coal in the BAT scenario. Due to the technical challenges of
SRF co-combustion, it is assumed that the average coal-ﬁred plant
accepting SRF has lower electricity efﬁciency than the power plant
modelled for the background power production. SRF was assumed
co-combusted in a plant with 35% net electricity and 40% heat
recovery efﬁciency in the case of CHP and a maximum 40% net
electricity efﬁciency in the case of power only. Residues from plas-
tic sorting and recycling were modelled utilised in cement kilns as
alternative fuels, replacing coal on a 1 J:1 J basis.
2.2.2.2. Efﬁciency of biogas utilisation. Biogas is produced in one of
the alternative treatment chains, MBT Anaerobic digestion. It was
assumed that biogas is combusted in gas engines with generation
of heat and electricity. Net electricity efﬁciencies for gas engines
run between 40% and 48% and total efﬁciencies, with heat genera-
tion, between 88% and 96% (DEA and Energinet, 2012). A difference
of 5% electricity efﬁciency was modelled between the two main en-
ergy recovery scenarios, with 40% net efﬁciency in the SotA and
45% in the BAT respectively. Heat recovery was maintained at a
constant value of 40% of thermal energy input for both scenario
variants allowing for heat utilisation.
2.2.3. Material recovery technologies
Metal concentrates, both ferrous and non-ferrous, are produced
(1) in the mechanical processing steps of pre-treatment (ﬁrst four
alternatives) and (2) in the treatment process of bottom ashes in
the MT and direct WtE alternatives. While in the ﬁrst case the
recovery of metal concentrates is part of the pre-treatment process
in the system (accounting for energy consumption), bottom ash
sorting is described separately for the second case. Ferrous and
non-ferrous metal concentrates are assumed recovered in a specia-
lised plant and they constitute 9% and 2% respectively of the
weight of bottom ash processed (original data from a Danish
plant). The energy consumption of 15 kW hel. per tonne bottom
ash processed was modelled. Lastly, a plastic concentrate is gener-
ated in the MT alternative (described in Section 2.2.1.4).
Material concentrates recovered for recycling undergo a series
of reﬁning, sorting and ﬁnal reprocessing steps before exiting the
system as secondary materials that will substitute primary/virgin
materials on the market. The ﬁnal recycling efﬁciency (i.e. quantity
of secondary produced materials) is affected by the individual efﬁ-
ciency of each processing step (Table 2).
2.2.3.1. Metal recovery and recycling. Analyses of metal concen-
trates generated in MBT plants and from bottom ashes after incin-
eration show wide variations in actual metal content and metal
type composition (e.g. Gillner et al., 2011; Gosten, 2012). In this
study metals content has been conservatively generalised for all
alternatives, to 70% in the case of ferrous metals and 50% for NF
metals concentrates. At the same time, for the sake of simplicity,
the metal composition is NF metals concentrates has been as-
sumed to 70% aluminium and 30% copper.
Ferrous metals concentrates can be sent directly to steel pro-
ducers if they comply with the requirements of these industries,
however this is usually not the case (Damgaard et al., 2009). Fer-
rous metals concentrates separated in MBTs have high contents
of impurities (non-metals), while concentrates from bottom ashes
usually do not meet the maximum Cu content requirement. As
such, ferrous concentrates might undergo an additional reﬁning
step within a metal scrap processing plant, such as a shredder facil-
ity, before being sent to a metal smelter. The latter has been as-
sumed in this study and energy consumption of 100 MJel. per
tonne processed concentrate has been accounted. Non-ferrous con-
centrates have to be further reﬁned to remove non-metal residues
and undergo sorting into metal types. This process usually happens
in specialised plants that employ heavy media separation. The en-
ergy consumption in these facilities is around 300 MJel. per tonne
processed concentrate (Wens et al., 2010).
Puriﬁed metal concentrates are traded on the world market and
therefore production of secondary metals from scrap, at specialised
metal smelters, was modelled based on generic data from Classen
et al. (2009). The cumulated primary energy demand for ferrous
metals reprocessing to steel was calculated to 9 MJ per kg and
losses in the process were assumed at 10% of the scrap input. Alu-
minium and copper reprocessing take 24 MJ kg1 and 28 MJ kg1
primary energy respectively and process losses were assumed at
16% of input scrap. There are no quality differences between virgin
or secondary produced metals and therefore a substitution ratio of
100% has been used.
2.2.3.2. Plastic recovery and recycling. The composition of plastic
concentrates recovered in the pre-treatment plant (MT alternative)
has been analysed by Van Velzen and Jansen (2011), with the plas-
tic content being determined at 63%. The rest constituted materials
sorted by error in the concentrate such as paper and cardboard.
The concentrates are sent to plastic sorting plants where the main
plastic types are separated (PET, PE, PP and plastic foil) and a plas-
tic mix. Residues and unsorted plastics make up a high caloriﬁc SRF
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(assumed LCV of 20 MJ kg1 due to high shares of paper and card-
board) which is used as an alternative fuel in cement kilns. Energy
consumption in the sorting plants is 160–220 MJel. per tonne plas-
tic concentrate (Bergsma et al., 2011). Subsequently, the separated
hard plastics are processed into regranulate or ﬂake recyclates. In
the process, remaining contaminants are removed by series of
operations including washing, drying and extrusion (also to re-
move odours). The hard plastic mix and plastic foil are usually trea-
ted as lower quality products and are processed to agglomerate
which is a product mainly recycled/used into structural material
applications (e.g. benches, roadside poles and sound barriers). Final
reprocessing can occur at a different or at the same plant which
ﬁrst sorts the material (latter assumed in this study). A total loss
of 25% of plastic materials was estimated for the entire chain (Ta-
ble 2), which is also consistent with the ﬁndings of Rigamonti et al.
(2009) and Bernstad et al. (2011). The energy consumption in ﬁnal
reprocessing step was estimated, based on Bergsma et al. (2011), to
4 MJel. and 1.1 MJNG for each kg of plastic material processed.
Secondary plastics usually exhibit lower qualities than virgin
plastics, and therefore it cannot be assumed that they substitute
virgin plastics on a 1:1 basis. Hence, a substitution ratio of 80%
has been set, based on a similar thinking as presented by
Rigamonti et al. (2009).
2.2.4. Collection and transport
Energy consumption for waste collection and transport from
households to the ﬁrst pre-treatment facility has been accounted
based on ﬁndings by Larsen et al. (2009). An average value of
5 Ldiesel per tonne collected waste and 0.15 Ldiesel tonne1 km1
for a distance of 20 km transport has been used in the model.
Transportation between treatment stages was modelled as long-
haul truck with a diesel consumption of 0.03 L tonne1 km1. It
was assumed that metal concentrates, RDF/SRF streams and bot-
tom ash to landﬁll are transported for a distance of 100 km, while
sorted metals and plastic concentrates to ﬁnal reprocessing plants
are transported for a distance of 500 km.
2.3. Sensitivity analysis
Some key assumptions made in baseline scenarios were tested.
In the BAT scenarios, generated SRF streams were assumed to be
co-combusted in coal-ﬁred power plants. It is reasonable to say
that this utilisation option is limited today, and will be further lim-
ited in the future, in newly constructed high efﬁciency plants, and
due to decommissioning and long term phase-out of coal-based
energy. The sensitivity of alternative systems to this energy recov-
ery option was assessed by alternatively modelling the use of SRF
streams in RDF dedicated mono-combustion plants and industrial
cement production. A simple 1 JSRF:1Jcoal substitution rate was used
in cement kilns. Another important assumption is with regards to
recycling of plastics fractions and possibilities to replace virgin
plastics (in the MT alternative). Different substitution ratios were
tested and the effects on this system were assessed and discussed.
In a different analysis, it was additionally modelled that residues
from plastic sorting and reprocessing are sent to WtE plants in-
stead of cement kilns.
3. Results and discussion
The results of the primary energy balance for each alternative,
expressed in GJprimary per tonne input waste, are presented in Ta-
ble 3, while the ﬁnal normalised results, which illustrate primary
energy savings per unit energy in waste input to systems are
shown in Fig. 3. The aim of the normalised result presentation is
to eliminate the differences in caloriﬁc value of the input waste
ﬂows in order to allow consistent comparison of alternatives. For
illustrative reasons the result ﬁgures (Fig. 3) are presented per
100 MJ waste input to the systems, and are broken down to illus-
trate the individual contribution of processes or products. Positive
values represent induced ﬂows (primary energy consumption),
while negative values show avoided ﬂows (primary energy sav-
ings) due to substitution of virgin materials and energy in the back-
ground systems.
3.1. Overall results
As a general acknowledgment, it was observed that all alterna-
tives achieve large primary energy savings, and that these savings
are several times higher than total primary energy consumed to
operate the systems. The magnitude of achieved savings is very dif-
ferent in the three background energy systems. The highest net en-
ergy savings are gained in the Coal PP background with heat
recovery, which was expected due to the high primary energy cost
of background end-use energy. The importance of heat recovery is
evident, as signiﬁcantly lower primary energy substitution is
achieved in scenarios without heat recovery.
Transportation needs have a small energy footprint in all sce-
narios. Relative to total savings, 3–4.5% primary energy is spent
for transportation in the Coal PP background with heat recovery,
while this increases to a maximum of 5–9.5% in the Nordel mix
background without heat recovery. The energy use in pre-
treatment plants is a more signiﬁcant burden to the systems. In
this study, pre-treatment by MBS is more energy intensive than
the other MBTs and is the main expenditure in this system, be-
tween 9% and 18% relative to total savings. The lowest total process
energy consumption was observed for WtE Mass combustion and
this is attributed almost entirely to transportation needs.
3.2. State-of-the-Art (SotA) efﬁciency scenario
In this technological efﬁciency scenario two treatment alterna-
tives stand out by having consistently better performances in all
three background energy systems, namely WtE Mass combustion
and MT Mechanical pre-treatment. In background conditions with
electricity production only, and in the Coal CHP background, the
MT alternative actually outpaced WtE considerably, displaying
15–30% more primary energy savings. This is due to the savings
brought by material recovery (mainly plastics recycling) which
Table 2
Efﬁciencies across the material recovery and recycling chain.
Materials Material content in
concentrates (wt%), (A)
Concentrate processing
(wt%), (B)
Secondary materials
production (wt%), (C)
Substitution of primary
materials (wt%), (D)
Total chain efﬁciency (wt%),
(A  B  C  D)
Ferrous
metals
70/50a 95 90 100 60/43a
NF metals 50 95 84 100 40
Plastics 63 75b 80 38
a Ferrous concentrate recovered during pre-treatment in the MT alternative.
b This ﬁgure accounts for sorting, washing and re-granulation processes to produce ﬁnal plastic recyclates.
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remain constant in the different backgrounds, thereby making this
system less vulnerable to changes in background energy systems.
All MBT-based systems showed between 14% and 29% lower
primary energy savings compared to WtE Mass combustion. This
is explained by additional energy consumption and losses in waste
energy content during pre-treatment. Co-combustion of SRF
streams was not included in the SotA scenarios (Section 2.1.2), spe-
ciﬁcally to show the effects when overall efﬁciency is constrained
by RDF/SRF utilisation in conversion techniques with efﬁciencies
similar to conventional WtE. These results for the SotA scenario
are in agreement with ﬁndings by Consonni et al. (2005a,b), which
were obtained by using similar system settings with regard to en-
ergy recovery. MBT Anaerobic digestion and MBS Biological drying
perform similarly in the SotA scenario, as increased recovery of
electricity and heat in the MBS alternative is upset by the slightly
larger energy consumption during pre-treatment.
3.3. Best Available Technology (BAT) efﬁciency scenario
For all alternatives, there is a signiﬁcant increase in potential
primary energy savings if the best available technology is used
compared to standard or state-of-the-art. In scenarios allowing
for heat recovery, BAT energy recovery determined an average in-
crease in primary energy savings of 19% in the Coal background
and 15% in the Nordel mix compared to SotA. On the other hand,
if heat utilisation is not possible, an average increase of more than
30% was observed when using BAT instead of SotA. If both avoided
heat and electricity are produced by large Coal CHP plants, the
average difference between the SotA and BAT scenario was around
28%. This indicates that under these background conditions, maxi-
mising electricity recovery should be a priority.
Results under the BAT technology scenario show a closer rank-
ing distribution, as several alternative treatment systems had sim-
ilar net primary energy savings. Under background conditions
permitting heat recovery, the WtE and the MT systems again
achieved the highest net savings, but MBS and MBT Anaerobic
digestion came very close, boosted by the high efﬁciency of SRF
co-combustion.
If heat utilisation is not possible, again MT indicates possible
gains brought by material recovery over other systems. Increased
electricity recovery due to SRF co-combustion conditioned MBS
Biological drying to achieve the highest savings in the Coal PP
background and second highest in the Nordel mix. Without heat
recovery, WtE Mass combustion was not able to deliver the same
high net primary energy savings. SRF co-combustion improves
the energy proﬁle of MBT Composting, however it does not fully
compensate for the energy content losses during pre-treatment.
Production of electricity and heat from recovered biogas more than
compensates for increased energy costs in MBT Anaerobic diges-
tion, which had almost the same performance as WtE Mass com-
bustion. These results have to be understood in light of the
system and scenario settings modelled, however, they denote quite
well, in the case of BAT, an almost ideal maximum efﬁciency case
and its implications for energy savings.
3.4. Material recovery
Primary energy savings by substitution of virgin materials ac-
counted for a signiﬁcant share of total savings in all alternatives.
Metals recovery contributed with between 5% and 22% of total pri-
mary energy savings in the SotA scenario, and between 4% and 13%
of primary energy savings in the BAT scenario. Plastics recycling
contributed to savings of up to 30% of total savings (in the combi-
nation scenario SotA-Nordel mix-no heat recovery), and down to
16% of total savings (in the combination scenario BAT-Coal-with
heat recovery). In the MT scenario, material recovery (i.e. metals
and plastics) and avoided coal accounted for as much as 49% of to-
tal primary energy savings (in the combination scenario SotA-
Nordel mix-no heat). In scenarios where heat recovery was not
possible material recovery became very important. This is further
accentuated if the background electricity production has a rela-
tively low primary energy demand (i.e. Nordel mix and Coal CHP).
3.5. Sensitivity analysis
With the given assumptions in the baseline scenarios, the per-
formance of three systems is very similar: WtE Mass combustion,
MT Mechanical pre-treatment and MBS Biological drying. How-
ever, primary energy savings in the MT and MBS systems are
dependent on assumptions which are somewhat more uncertain
that those of assumptions for direct WtE. The assumptions in ques-
tion are (1) SRF co-combustion in coal-ﬁred power plants and (2)
possibilities regarding plastic recycling.
(1) First, in the BAT scenario, SRF streams were alternatively di-
rected to dedicated RDF mono-combustion plants (sensitivity sce-
nario BAT no co-combustion/CC). The most noticeable effect was in
the case of MBS. Without SRF co-combustion there is a sharp drop
in electricity recovery which, however, is partially compensated by
an increase in heat recovery in respective CHP scenarios (example
in Fig. 4 Sensitivity – coal PP background with heat recovery). As
only relatively small streams are co-combusted in the other alter-
natives, the difference between the baseline BAT scenario and BAT
no CC scenario are also smaller. Second, SRF streams were directed
to industrial cement kilns both in the BAT and SotA scenarios (sen-
sitivity scenarios SotA CK and BAT CK). Consequently, systems pro-
ducing SRF streams performed slightly worse in both the Coal and
Nordel mix backgrounds when CHP was possible. However, if heat
recovery is not possible, or only to a low extent, and also in a Coal
CHP background, the alternative use of SRF streams in cement kilns
improved the performance of the same alternatives compared to
baseline scenarios (Fig. 4 Sensitivity – Coal CHP example). In fact,
it can be observed that, every alternative performs, in this case,
better than direct WtE, in both the SotA and the BAT scenarios.
With SRF utilisation in cement kilns, the ash content can be incor-
porated into the clinker product and thus substitutes for other
mineral raw materials, such as limestone, sands and partly iron
ore (Thomanetz, 2012). The energy savings from this additional
material substitution have not been added in the calculation mod-
el, nevertheless, they are expected to have a marginal contribution.
Similarly, bottom ash in all alternatives has been modelled includ-
ing transportation to landﬁlls, however, it would be in many cases
used as subbase layer in road construction.
(2) Lowering the virgin plastic substitution ratio from 80% to
50% conditioned a performance decrease for the MT alternative,
this however, did not change its ranking among the best perform-
ing systems. This suggests that even when a relatively small part of
recovered plastics avoid virgin polymers, there are substantial ben-
eﬁts. The use of non-recycled plastic sorting residues has to be also
carefully accounted. Changing the use of plastic residues from ce-
ment kilns to WtE had a minor effect on the energy balance. Sub-
stitution of other materials, such as wood lumber or concrete,
instead of virgin plastics, has not been assessed in the present
study. Astrup et al. (2009) show that, in this case, recycling could
present no environmental beneﬁt, however, if the alternative use
of wood is to produce electricity, considerable gains can be
achieved by induced energy savings.
4. Limitations and perspectives
The current study demonstrates a number of system dependen-
cies and energy implications for residual waste treatment strate-
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gies which use mechanical or mechanical–biological treatment for
materials and before energy recovery, compared with direct ther-
mal treatment. The chosen performance indicator, i.e. primary en-
ergy balance, is robust to variations and uncertainties of
underlying energy and material production systems, however, it
is also limited as it of course does not directly reﬂect environmen-
tal or socio-economic impacts and other consequences of imple-
menting these different strategies.
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Fig. 3. Primary energy savings potential – Main results.
Table 3
Primary energy savings due to substitution in GJprimary energy/tonnewaste input.
Efﬁciency scenario Energy background MBT Composting MBT Anaerobic
digestion
MBS Biological
drying
MT Mechanical pre-
treatment
WtE Mass
combustion
With heat No heat With heat No heat With heat No heat With heat No heat With heat No heat
SotA Coal PP 9.1 5.2 10.6 6.3 8.6 4.8 12.0 8.3 11.5 6.9
Nordel mix 7.9 3.7 9.1 4.5 7.5 3.5 10.8 6.7 9.8 4.9
Coal CHP 4.6 5.5 4.3 7.6 5.9
BAT Coal PP 11.6 8.7 13.3 9.9 11.4 9.5 14.2 10.7 14.0 9.4
Nordel mix 9.4 6.1 10.7 7.0 9.1 6.8 12.2 8.4 11.6 6.7
Coal CHP 6.8 7.9 7.2 9.3 7.9
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Data from speciﬁc plants was used for the modelling of pre-
treatment section in compared systems. Although chosen plants
were intended to be representative for the different processing
concepts, there are some limitations in the extent to which the re-
sults can be generalised. Except for the composting MBT, waste en-
ergy content losses in the other MBT pre-treatment plants were
not large enough to overbalance the gains in energy efﬁciency by
use of more advanced energy recovery routes. For the MBTs based
on the material stream separation concept, biogas production from
the organic ﬁne fractions was paramount for high energy efﬁ-
ciency. In this sense, it is essential for MT and MBT systems, addi-
tional to any material recovery, to manage successfully energy
ﬂows, i.e. concentrate and direct most of the energy in waste to-
wards a form of energy recovery, if an overall high efﬁciency is
to be achieved compared to efﬁcient mass combustion WtE. As
an example, energy content losses in the MBT Composting system,
modelled here, amounted to around 23% of input (Fig. 2). With SRF
co-combustion, this system could not compete with conventional
WtE on an equal footing in the BAT scenario. Yet, SRF use in cement
kilns, when WtE CHP is not possible, did condition almost similar
energy savings for the two systems. The results in the present
study can be used as a clear indicator that production of high qual-
ity SRF alone, with high losses of energy content (in material
streams disposed), can be insufﬁcient to compete with conven-
tional combustion of the entire unprocessed residual waste stream.
A clear threshold for an acceptable level of losses is difﬁcult to pin-
point, and would be different depending on background conditions
(CHP vs. PP) and type of avoided energy production.
Potential primary energy savings by avoiding virgin material
and energy production are relative to the type of assumed energy
avoided. From a geographical scope, however, the three chosen
background systems cover only to a very limited extent the com-
plexity of energy systems in Europe. From a temporal scope,
assuming that energy recovery from waste substitutes energy pro-
duction from fossil sources is still valid in present conditions albeit
not always. Renewable sources are playing an increasing role in the
energy supply. In the future, large shares of energy generated from
ﬂuctuating renewable sources like wind and solar will additionally
stress the balance between supply and demand, which will most
likely favour energy technologies with increased production ﬂexi-
bility, including for energy recovery from waste.
Residual municipal waste is hardly storable due to the high con-
tent of biodegradable materials and high moisture content, which
reduce its potential for ﬂexible use as a fuel. It is additionally char-
acterised by variations in composition, particle size distribution
and can contain hazardous and problematic substances. Mechani-
cal separation and sorting and mechanical–biological pre-
treatment can be used to select, concentrate and prepare waste
fractions for diversion towards more advanced material utilisation.
From an energy utilisation perspective, waste-derived fuels and
biogas are partially and, respectively, fully storable energy carriers.
Future research efforts will include comprehensive environmental
assessment of the role and consequences of sorting and separation
systems for waste in the context of more concrete background con-
ditions, including future renewable energy systems.
5. Conclusions
In this evaluation, the optimal conditions for residual waste
treatment systems based on conventional thermal WtE were deter-
mined largely by opportunities for CHP production, which leads to
high overall utilisation rates of the energy content in waste. The
success of the three MBT based systems was indeed dependent
on the efﬁciency of energy recovery routes after pre-treatment. A
reduction in the amount of possible primary energy savings com-
pared to mass combustion WtE is unavoidable, due to additional
energy consumption and process losses, if RDF/SRF is only used
in dedicated WtE plants.
When SRF streams were used in coal-ﬁred plants, the energy
balance of these systems improved substantially. MBT with anaer-
obic digestion and biological drying MBS systems achieved rela-
tively similar primary energy savings as efﬁcient CHP mass
combustion WtE. In scenarios where CHP production was not pos-
sible, as is for example in southern European nations, the biological
drying MBS system modelled achieved the highest savings of all
systems, with full stream SRF co-combustion. With heat recovery
not possible, but also if recovered heat was substituting heat from
coal CHP, SRF utilisation in cement kilns (substituting coal) deter-
mined similar (composting MBT) and higher overall energy savings
(MBT with anaerobic digestion and biodrying MBS) in systems
with pre-treatment as opposed to conventional WtE.
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Fig. 4. Sensitivity analysis – (left side) BAT without the possibility of co-combustion (BAT no CC) in the Coal PP background scenario with heat recovery and (right side) SRF
utilisation in cement kilns in the Coal CHP background.
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Plastic recovery for recycling, by mechanical pre-treatment be-
fore energy recovery, supported similar or increased energy sav-
ings, in the different scenarios modelled, compared to full stream
mass combustion. Sensitivity assessment showed overall system
efﬁciency to be robust to different virgin plastic substitution ratios.
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a b s t r a c t
Today's waste regulation in the EU comprises stringent material recovery targets and calls for compre-
hensive programs in order to achieve them. A similar movement is seen in the US where more and more
states and communities commit to high diversion rates from landﬁlls. The present paper reviews sci-
entiﬁc literature, case studies and results from pilot projects, on the topic of central sorting of recyclable
materials commonly found in waste from households. The study contributes, inter alia, with background
understanding on the development of materials recovery, both in a historical and geographical
perspective.
Physical processing and sorting technology has reached a high level of maturity, and many quality
issues linked to cross-contamination by commingling have been successfully addressed to date. New
sorting plants tend to beneﬁt from economies of scale, and innovations in automation and process
control, which are targeted at curtailing process inefﬁciencies shown by operational practice. Technology
developed for the sorting of commingled recyclables from separate collection is also being successfully
used to upgrade residual MSW processing plants. The strongest motivation for central sorting of residual
MSW is found for areas where source separation and separate collection is difﬁcult, such as urban ag-
glomerations, and can in such areas contribute to increasing recycling rates, either complementary to- or
as a substitute for source separation of certain materials, such as plastics and metals.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Historically speaking, municipal solid waste (MSW) as we un-
derstand it today is a relatively new occurrence. In developed
countries, it can be traced back to the 1950se60s, when waste
amounts and its complexity were bolstered by post-war economic
prosperity, expansion of the petrochemical industry and sheer
diversiﬁcation of both short- and long-lived consumer products.
Waste management came onto the political agenda only in the late
1960s, being driven mainly by emerging environmental protection
and understanding of societal impacts, and it has experienced
tremendous multilateral development, further evolving today un-
der a new paradigm calling for sustainable resource management
(Rogoff, 2013; Wilson, 2007).
Recovery of the material value in waste, i.e. recovery of recy-
clable materials, has since the very beginnings been approached in
two signiﬁcantly different ways: (1) on the basis of source sepa-
ration (at individual households) and separate collection systems;
and (2) recovery by mechanical processing and sorting of mixed
residual waste at central facilities receiving a larger waste ﬂow. In
Europe, early attempts in the1970s to recover valuable resources
(recyclable materials, alternative fuels and compost) from mixed
municipal waste by physical processing, strived to build on the
knowledge from mineral and agricultural processing (Pretz, 2000;
Pretz et al., 2010). Despite efforts to develop speciﬁc technology,
in practice output product quality proved unsuitable for existing
recycling applications and risked the spread of hazardous sub-
stances in the environment (e.g. heavy metals in compost). This
incentivized source separation and separate collection as the more
feasible approach, both technically and environmentally, a view* Corresponding author.
E-mail address: cic@kbm.sdu.dk (C. Cimpan).
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strongly reﬂected in the European waste legislation today. Simi-
larly, in the early 1990s, many communities in the United States
(US) were developing mixed waste materials recovery facilities
(“dirty”MRFs). Nevertheless, these facilities achieved lowmaterials
recovery rates and experienced operational and ﬁnancial chal-
lenges, which ultimately led to this approach being almost aban-
doned (Kessler Consulting Inc., 2009).
Pioneering separate collection programs in the 1980s focused on
few materials, such as paper and glass, which could be easily
collected kerbside or otherwise as mono-material streams. It is in
the 1990s that separate collection really picked up pace both in
North America and Europe and focused on an ever larger spectrum
of materials and products. The inherent limitations of source sep-
aration became apparent, especially public willingness to partici-
pate and the increasing complexity and costs of collecting
separately an increasing number of mono-material fractions. Ma-
terial mixing followed by central sorting were, then, seen as a way
to reduce collection complexity and requirement for public
participation, and new collection and treatment approaches were
designed with this in mind. Source separation programmes, where
recyclables are partially of fully commingled, have expanded
rapidly ever since, especially in English speaking countries (USEPA,
2011; WRAP, 2011b), and the collection of mixed packaging waste
has become the norm in mainland Europe. Management systems
based on central sorting have, thus, targeted the relative simplicity
and savings on the front end (i.e. collection) at the cost of accepting
more comprehensive efforts and costs for material processing later
in the waste management chain. This has resulted, now, in more
than two decades of technological development in processing of
mixed material streams, leading today to sorting and separation
systems characterized by a high degree of technical complexity (e.g.
sensor-based sorting), increasingly standardized process ﬂows and
high process efﬁciency.
Increased pressure to divert biodegradable organic waste from
landﬁlls in the 2000s resulted in renewed interest in mechanical
processing of residual MSW in Europe (Pretz, 2002; Thiel and
Thome-Kozmiensky, 2010). As Mechanical-Biological Treatment
(MBT), it was seen as an alternative to more expensive and, in some
countries, politically ill-favoured combustion waste-to-energy
(WtE). In later years, a cross-over of advanced technology can be
seen, as more highly automated sorting systems are being included
in MBT design, promising again a total solution, i.e. residual waste
treatment and recovery of recyclable materials as a stand-alone or
complementary solution to source separation (Jansen et al., 2013;
Pretz et al., 2010). A similar trend is seen in the US where the
number of mixed municipal waste MRFs is growing again (USEPA,
2009; USEPA, 2011).
1.1. Competition-driven innovation
The premises and drivers for technological development in
sorting and separation systems can be underpinned to the much
broader ﬁeld of waste management development. Researchers
argue that waste management development has been governed by
the changing framework conditions in societal development and,
therefore, its drivers are always a complex set of interdependent
social, economic and environmental factors (Zaman, 2013). In the
US, the predominant driver for waste management appears to be
the free market, which has historically been dominated by large,
low-cost landﬁlls (Kollikkathara et al., 2009;Wilson, 2007).With no
speciﬁc federal recycling legislation in place, the slowly increasing
material recovery and recycling rates can be linked to public
opinion, strongly favouring recycling and opposing waste-to-
energy, which has even pushed for some recycling legislation at
state level. But the fast rise in, speciﬁcally, commingled collection
programs in the US has sometimes also been linked to China
becoming the largest importer of recyclable paper and plastics
(Marley, 2007a; Taylor, 2013). Notwithstanding the different rea-
sons, the number of sorting plants ensued has been considerable
enough to spark a healthy level of competition among equipment
makers. In Europe, a keydriver of technology development has been
waste sector regulation, which has been the main driver for pro-
moting, developing and restricting speciﬁc activities and systems.
The “polluter pays” and the “extended producer responsibility”
principles, reinforced through the European legislation, have pro-
vided the economic framework conditions which, otherwise, were
not favouring recycling (i.e. not proﬁtable under free market con-
ditions) of some waste streams despite clear environmental bene-
ﬁts (e.g. packagingwaste, end-of-life vehicles and electronic waste).
Physical processing of waste has been less constricted by speciﬁc
regulation, in contrast to landﬁlling and combustion WtE, as these
management strategies historically have been perceived as posing
environmental risks. As a result of fewer constraints, technology
development in Europe has also been almost entirely led by the
private sector. This has shaped the extremely competitive playing
ﬁeld we see today between technology providers, waste manage-
ment companies and plant operators.
1.2. Problem deﬁnition and study objectives
Nowadays, central sorting and separation systems, in the form
of Materials Recovery Facilities (MRFs), Packaging Sorting Plants
andMBT, play a pivotal role in our waste management andmaterial
recovery systems. In Europe, different central sorting options are
seen as possible solutions to reaching recycling targets in countries
with growing, yet insufﬁcient treatment capacity (e.g. the UK,
Greece, Poland and other Eastern European countries), but also in
countries with self-sufﬁcient integrated waste management sys-
tems such as Denmark, Norway and the Netherlands, which are
reconﬁguring their systems to achieve higher recycling rates and
optimize environmental beneﬁts. However, there is little scientiﬁc
foundation to support objective decision-making at national,
regional or community level. Overall, there is almost a complete
lack of publically available comprehensive analyses and overviews
of sector wide or interregional approaches to central sorting,
technological solutions and their efﬁciency. This makes it hard to
fully comprehend the state-of-play, the role and the contribution of
sorting systems to sustainable resource management.
In this context, the present paper aims to present a compre-
hensive overview of the technological state-of-the-art, using case
studies, reports and research literature fromNorth America, the UK,
Germany, the Netherlands and other European countries. The
overview is broadly divided between sorting systems for separately
collected commingled recyclables and recovery of recyclables from
mixed municipal waste. Although a direct comparison of these
approaches is not in the scope of the present study, one overarching
intention is to provide evidence in order to challenge the long
standing belief that source separation and separate collection
should always be preferred. Some crucial aspects are examined and
discussed, among which: (1) technological limits and possibilities
of central sorting; (2) material quality issues and collection/recy-
cling efﬁciency; and (2) the role of central sorting of mixed MSW in
achieving higher recycling rates.
2. Data sources and scope of the review
This review study addresses the current development of phys-
ical processing of waste in order to recover recyclable materials.
The focus is on best practice and best available technology pre-
sented through cases and documented operational experience. The
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scope is limited to post-consumer dry recyclable materials, which
are discarded by households and similar, into the Municipal Solid
Waste (MSW) stream and encompasses primary recovery, i.e.
physical sorting of commingled recyclable streams and mixed or
residual MSW. This precludes more specialized installations
addressing the further reﬁning of pre-sorted streams, such as
specialized plastics sorting, glass sorting, metals reﬁning etc. Paper
sorting plants which separate mixed paper and cardboard collected
separately are also excluded. Considering that advances in separa-
tion and sorting systems have taken place implicitly linked to ap-
proaches in waste collection, separate collection systems for
recyclable materials are presented and discussed together with
their respective technological sorting solutions. An overview
delineating the scope of this review is depicted through diagrams
in Fig.1. The ﬁgure depicts in a generic way, the fourmain collection
and central sorting systems for recyclables in the scope of this
paper, showing also their placement in the overall MSW manage-
ment system. Not included in the visualisation is the collection of
biowaste (i.e. yard waste and food waste), bulky waste and haz-
ardous households waste, which are applied in many of the
described systems, but are not relevant for this study.
Although historically stemming from the same basic concepts,
subsequent development of separate collection and central sorting
has been signiﬁcantly inﬂuenced by regional frame conditions.
Therefore, the present paper follows a structure allowing for a
contextual understanding of the systems which are described and
discussed. The different regional terminology, for commingled re-
cyclables collection (single-stream, dual-stream, packaging waste)
and central sorting facilities (MRF, MBT, dirty or mixed waste MRF),
is maintained and explained in the relevant sections. Deﬁnitions for
more general terms are given in Table 1.
The literature and data sources used in this review have
included:
- Scientiﬁc conference papers and proceedings, many doc-
umenting: (1) plant operational experience described by plant
operators or large equipment manufacturers and (2) results
from pilot tests and other academic research;
- Book chapters and scientiﬁc reports from a variety of academic,
research, consultant and authority organizations;
- Research journal articles and a number of online magazine
articles.
3. Separate collection of recyclable materials from
households
In terms of separate collection in Europe, a turning point was
marked by EU waste legislation, which, between 1975 and 1990
was dominated by general administrative requirements and only
after 1990, has focused on binding obligations and recycling targets
for different waste streams (Fischer and Davidsen, 2010). Some EU
Member States had already long-term experience with separate
collection and/or reuse systems for certainmaterials found inMSW.
For instance, since late 1970s early 1980s, in Austria, Denmark,
Finland, Germany, the Netherlands and Sweden, a well-functioning
reuse system already existed (e.g. for glass), and glass and paper
were collected separated for recycling (ARGUS and CARL BRO,
2001; Gerke and Pretz, 2004).
Early implementation of packaging waste regulations in coun-
tries like Germany (1991) and Austria (1993), inﬂuenced and sha-
ped the EU Packaging and Packaging Waste Directive (Directive
Fig. 1. MSW collection and sorting systems for dry recyclables: (A) single-stream; (B) dual-stream; (C) mixed packaging waste; and (D) recovery from residual/mixed MSW. Dotted
lines and processes denote other collection and sorting systems that may or may not be present. Waste fractions in italic may or may not be included in the commingled stream.
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1994/62/EC) adopted in 1994, which introduced, based on the
principle of “extended producer responsibility” (EPR), binding tar-
gets to collect, recover and recycle all materials used in packaging,
including paper and cardboard, plastic, composites, aluminium and
steel (Skovgaard et al., 2005). More recently, in 2008, the EU's new
Waste Framework Directive (Directive 2008/98/EC) set ﬁrm man-
agement targets for waste from households and similar waste of
other origin (i.e. by deﬁnition MSW). By 2020, this waste is to be
prepared for reuse or recycling “to a minimum of overall 50% by
weight”, including at least materials such as paper, metals, plastics
and glass. Despite the common EU legislation, the responsible
parties and setups, for achieving these targets, differ among
member states, from highly centralized (e.g. Austria, Germany) to
mainly decentralized (e.g. Netherlands, Belgium), where regional or
local responsibility predominates. In addition, widely different
timelines and other framework conditions (e.g. socio-economic,
cultural), all led to the adoption of municipal waste collection
systems, which differ signiﬁcantly.
In contrast, federal recycling legislation does not exist in the
United States. Recycling however gained momentum in the late
1980s and 1990s, and by 1991, 39 states and the District of
Columbia had passed some recycling legislation (Miller, 2006). By
2006, seven states and the District of Columbia passed mandatory
source separation laws, which require local authorities to mandate
the separation and separate collection of at least three material
categories from the waste stream for recycling. This has added a
legislative dimension to an otherwise market based framework. At
the other extreme, however, sits the example of New York City,
where after a decade's implementation effort, the mandatory
collection of glass and plastics for recycling was temporarily sus-
pended in 2002 (paper and metals were still collected), motivated
by assumed savings of $56 million (Hsieh, 2004).
3.1. Systems with high levels of commingled materials e the rise of
single-stream recycling
In the early 1980s, a system designed to collect most recy-
clable materials discarded in MSW, in a single kerbside bin, was
implemented in some 50 communities in Germany. Under the
trademark name Grüne Tonne plus (Green Bin plus), it included
commingled collection of paper and cardboard, plastics, metals,
glass and waste wood. While some of these systems failed, most
were converted to the Yellow bin (which contains lightweight
packaging: plastics, metals and composites), when this system
was introduced in the early 1990s. The county of Rhein-Neckar-
Kreis (Baden-Württemberg) is an exception (Ehrhard, 2009).
Here the system was introduced in 1984 and in the mid-nineties
it was modiﬁed to exclude glass, which has since been collected
in a separate kerbside box. In 2008, the county boasted a 56%
MSW diversion towards recovery and recycling, of which the
Green bin accounted for 43.5%. This approach remains quite
unique in Germany, with its forward settings inclusion of both
packaging and non-packaging materials and high focus on public
convenience.
Separate collection spread across the US in the 1980s and 1990s
in the form of bring systems (public collection) and then kerbside
collection. Kerbside collection was usually done by using collection
trucks that contained several different compartments lining both
sides of the vehicle. This system, known as “kerbside sort”, implies
that citizens separate their recyclables into one or more boxes in
the household and the collection personnel sort materials into the
individual compartments at the kerb. As a consequence of the
dissemination of recycling programs and the additional pressure
imposed by recycling targets in states such as in California, these
systems reached their limits (in terms of number of material types,
fuel and personnel costs). Hence, in the early 1990s, the ﬁrst
commingled collection systems appeared, aimed at addressing
previous limitations (Morawski, 2010; Taylor, 2013). In the
following period, two collection systems prevailed on the US
market, allowing the collection of mixed recyclables “all-in-one
bin” (i.e. single-stream) or in two mixed streams (i.e. dual-stream):
 Single-Stream commingled, whereby all recyclables, i.e. paper
(old newspapers, advertisement and magazines, ofﬁce paper),
cardboard, plastic bottles and containers, aluminium and steel
cans, glass and liquid carton containers, are collected in a single
mixed form (not all materials enumerated are always included),
allowing pickup using standard semi-automated or automated
refuse collection vehicles;
 Dual-Stream commingled, whereby recyclable materials are kept
separate in two categories: (1) paper and cardboard, so called
“ﬁbres” and (2) plastic, metal and glass, so called “containers”.
In the last ﬁfteen years, commingled collection and especially
single-stream experienced rapid growth. R. W. Beck (2010) esti-
mated that in 2010, 63% of the population in the US had access to
kerbside collection, of which 65% collection systems were single-
stream, compared to 50% in 2007, 29% in 2005 and only 11% in
Table 1
List of deﬁnitions.
Terminology Deﬁnition
Municipal Solid
Waste (MSW)
Broadly deﬁned as “waste from households, as
well as other waste which, because of its nature
or composition, is similar to waste from households”.
(Directive 1999/31/ECa)
Packaging and
packaging waste
According to Directive 1994/62/ECb ‘packaging’ shall
mean all products made of any materials of any
nature to be used for the containment, protection,
handling, delivery and presentation of goods, from
raw materials to processed goods, from the producer
to the user or the consumer.
Mixed vs. Residual
MSW
Mixed MSW is collected in a system in which no other
separate collection is present, while residual MSW
is the leftover mixed residual stream in systems
with separate collection.
Source separation
efﬁciency
Is a quotient of mass of a waste material segregated
into a separate stream at the source of generation,
relative to the total mass generated of that material.
Separate collection Collection where a waste stream is kept separately by
type or nature so as to facilitate a speciﬁc treatment.
(Directive 2008/98/ECc)
Kerbside collection Separate collection system, categorized as property
close collection, which addresses every single
residence (both single-family and multi-family).
Bring and public
collection
Public collection systems (e.g. bring or cube systems,
civic amenity sites or recycling centres) are common
collection points shared by a larger number of citizens
and involve individual transport in order to deliver
the recyclable waste materials.
Materials Recovery
Facility (MRF)
Generic term for specialized installations which
receive different mixed waste streams containing
recyclable materials and separate recyclable
materials into
different categories and material types (output
products),
using physical processing techniques, such as
combinations of mechanical, pneumatic, sensor-based
processes and some degree of manual sorting and
quality control.
a Directive 1999/31/EC of the European Council of 26 April 1999 on the landﬁll of
waste.
b Directive 1994/62/EC of the European Parliament and Council of December 1994
on packaging and packaging waste.
c Directive 2008/98/EC of the European Parliament and of the Council of 19
November 2008 on waste and repealing certain Directives.
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2000. Single-stream is many times the preferred choice for
implementation of new collection systems in the US, while it also
continues to replace other existing types of collection (Morawski,
2010; USEPA, 2011).
The single-stream and dual-stream collection approaches have
been adopted and experienced rapid growth in other countries,
such as Canada, Australia, the United Kingdom, Ireland and
France. In 2010, WRAP UK classiﬁed 333 municipalities in the UK
(out of a total of 434) and reported the following collection sys-
tem conﬁgurations for 2008/9: kerbside sort (46%), single-stream
commingled (26%) and dual-stream commingled (10%). The
remaining 18% fell in other types of collection schemes while it
was not possible to classify schemes for 101 authorities mainly
because these use a combination of different systems (WRAP,
2010). In Ireland, it was reported that 98% of private house-
holds had a 2-bin service in 2012, including commingled dry
recyclables and residual waste (further 37% also had an organic
bin service) (McCoole et al., 2014). Eco-Emballages (2009) re-
ported that nine different variations of kerbside collection were
being used in France (76% of population had access to kerbside
collection), with around 70% of population being connected to
single-stream type systems (termed “ﬂux multimateriaux” or
“collectes en melange”) and around 25% to dual-stream systems
(termed “bi-ﬂux”).
These collection schemes for commingled dry recyclables vary
considerably between countries and even municipal authorities in
the same region, particularly with regard to types of materials
accepted for collection. The inclusion/exclusion of glass containers
is surely the most ubiquitous difference, as this material has been
at the centre of debate on quality and cross-contamination in the
US for the last ﬁfteen years (CRI, 2009; Kinsella and Gleason,
2003). Most single-stream systems in North America now do
include glass, under the precept that state-of-the-art sorting
technology can effectively remove it from other materials. Up to
2010, glass was only sparsely included in UK single-streams,
however, as the tendency is to build larger and more high-tech
MRFs, glass is increasingly being added to the stream (WRAP,
2011a). In France, glass containers are traditionally collected in
bring systems, and therefore are absent in kerbside collection
(Cabaret and Follet, 2013). Another important difference is with
regard to plastics. Thus, while in France, only plastic bottles and
containers are collected (i.e. PET and HDPE), in the UK and the US
the inclusion of other types of plastics is increasing. Canadian
provinces, which have adopted comprehensive packaging waste
regulation based on the European EPR model, usually collect all
types of plastic packaging as well (e.g. bottles and containers, tubs
and lids, plastic foils and other mixed plastics and plastic
laminates).
The material composition of collected commingled recyclables
is also continuously changing due to evolving production and
consumption patterns, such as development in production of
packaging and the decrease in printed media in favour of digital
media. As an example, newsprint production had peaked in the US
at 17.5 million tons in 2004 and decreased since then to 8.8 million
tons by 2012. Old newspapers, therefore, constitute less volume in
commingled streams, whereas the share of plastics and cardboard
is increasing (Taylor, 2013). In terms of undesired materials and
contaminants in collected single-streams compared to other types
of collection, many studies show elevated levels, nevertheless this
is not a rule. A few examples of compositions of collected single-
stream recyclables are presented in Table 2. The heterogeneity of
the ﬁve datasets is due to the characterization methods applied in
the four studies, while the variation in fraction size and whether it
is included in the collection are associated to differences in the
collection systems.
3.2. Mixed packaging collection in Europe e the dual system
The model for a mixed packaging waste collection was ﬁrst set
in Germany in 1990, when the Duales System Deutschland GmbH
(DSD GmbH) was founded by trade and industry in order to fulﬁl
their legal obligation towards the Ordinance on the Avoidance and
Recovery of Packaging Waste (the Packaging Ordinance of 1991).
Following the implementation of the EU Packaging and Packaging
Waste Directive (Directive 1994/62/EC), this EPR-based model is
now followed with some degree of variation in the 28 EU member
states, plus Turkey, Serbia, Norway, Iceland, Ukraine and four
provinces of Canada. The “duales system” entailed the setting of a
parallel system for the collection of lightweight packaging waste,
alongside older existing municipal systems (i.e. paper and glass). In
Germany, glass is collected in bring systems, whereas paper and
cardboard packaging is collected kerbside together with printing
paper (packaging is estimated to constitute 25% of the collected
quantity). Other packaging made of plastic, composites, aluminium
and steel e so-called lightweight packaging (in German: Leicht-
verpackungen or LVP) e is collected commingled in yellow bags
and bins at kerbside (so called Yellow Bin) and, sometimes, also
bring systems (ARGUS et al., 2001; Gerke and Pretz, 2004).
A small survey of literature and webpages of Producer Re-
sponsibility organizations, looking at separate collection ap-
proaches across Europe, showed a reality of great variation in
systems. In Europe, France, the UK and Ireland are quite unique in
their approach to collecting typical packaging materials together
Table 2
Examples of collectedmaterial mixtures with Single-stream collection (SS) in the US
and UK, in weight-percentage (wt.-%).
Material fraction SS with
glassa
SS no
glassb
SS
(average)c
SS with
glassd
SS no
glassd
wt.-% wt.-% wt.-% wt.-% wt.-%
Newspapers & magazines 53.00 46.28e 40.17 40.73 28.47
Other mixed paper 2.40 10.33 8.43 13.94 33.52
Cardboard 1.30 25.33 16.58 11.23 4.37
Subtotal ﬁbres 56.7 81.9 65.2 65.9 66.4
Aluminium cans 1.90 0.27 2.10 0.97
Aluminium foil 0.20 0.13 0.21
Other non-ferrous metals 1.91h
Steel cans 5.40 2.41 5.39 2.91
Other ferrous metals 1.28f 3.91h
PET bottles 4.80 4.85 2.55 3.90
HDPE bottles 6.60 4.76 3.68 2.93
Other hard plastic 4.54g 3.30 2.24 5.39
Other bottles (PVC, PP, PS) 0.80
Plastic foils/ﬁlm 0.64 4.38
Glass 20.60 3.27 17.55
Beverage cartons 0.33 0.98
Subtotal containers 39.5 9.0 25.7 30.5 22.4
Paper/cardboard 2
Plastic foils/ﬁlm 1.05 2.24
Other plastics 1.85
Glass 1.01 1.09
Other contaminants
and ﬁnes
3.60 3.2 6.93 3.48 10.15
Subtotal undesired 3.6 9.1 9.2 3.5 11.2
Total 100 100 100 100 100
a R.W.Beck (2005), Input to Recycle America of York MRF, Pennsylvania (samples
taken in 2002 and 2004).
b DEQ (2011), Average input, 5 SS MRFs in Oregon (study conducted 2009e2010).
c Enviros Consulting (2009), Average input, 13 SS (both with glass and without)
MRFs in the UK (study conducted 2008e2009).
d Eule (2013), the average of samples for input materials to 2 SS MRFs in England.
e Newspaper (23%)þmagazines (8%)þ other compatible (15%).
f Both ferrous and non-ferrous.
g Bottles and tubs.
h All non-ferrous and ferrous materials respectively.
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with printing paper in fully commingled kerbside collection (i.e.
single-stream), while in most other countries, printing paper and
cardboard, glass and commingled lightweight packaging typically
constitute three separate streams. Regardingmaterial inclusion, the
most comprehensive collection of lightweight packaging is
considered to be in Austria and Germany, while in other countries,
separate collection focuses on materials with more established and
economic recycling outlets, particularly with respect to plastics.
In Spain and Portugal, collection of all recyclable materials
(paper/cardboard, glass and packaging waste) is based on bring
systems, with few local exceptions that have also kerbside systems
(da Cruz et al., 2012; Gallardo et al., 2010). Kerbside collection is
prevalent in Austria, France, Germany and the UK, while both
kerbside, bring systems and recycling centres are used in Belgium,
Italy, Finland, the Netherlands and Sweden (ARGUS and CARL BRO,
2001; Dahlen et al., 2007; Dahlen and Lagerkvist, 2010; Eco-
Emballages, 2009; Goorhuis et al., 2012; WRAP, 2010). It can be
added that in countries more recently integrated in the EU (espe-
cially Eastern European states), separate collection systems are just
beginning to emerge.
3.3. Recent developments in Germany
Despite successful implementation andmore than achieving the
target recycling quotas, the Dual System in Germany has continu-
ously received criticism. This criticism gravitates, inter alia, around
the economic and environmental sustainability of the system
(Gerke and Pretz, 2004; Thome-Kozmiensky, 2012). One of its
inherent weaknesses is that it only targets packaging waste from
households, and due to the legal deﬁnition of packaging, waste
items of the same material composition are excluded. In addition,
the system does not include packaging waste from institutions,
administrations, hospitals and schools. It is acknowledged that
users do not follow these legal deﬁnitions and that a share of
collected materials are not of packaging origin, i.e. around 12% are
non-packaging but still compatible with the sorting system, and
another 1% are non-packaging, non-system compatible materials. A
revision of the Packaging Ordinance enabled local governments
(e.g. Leipzig, Berlin, Hamburg) to carry pilot projects with a modi-
ﬁed Yellow Bin system (called Yellow Bin plus), starting in 2004/5,
which showed signiﬁcant increases in capture rates (Langen et al.,
2008; Bünemann et al., 2011). Different non-packaging materials
were added to the systems, such as metal, plastics, wood, rubber,
textiles and even small electronics. Studies conducted by the Fed-
eral Environment Agency (Umweltbundesamt e UBA) also pre-
dicted an increase in collected amount of ca. 7 kg/cap*year (from
27.7 kg/cap*year in 2009) if the new system, now called the Re-
cyclables Bin, would be instated. In 2012, the Closed Substance
Cycle Act (Kreislaufwirtschaftsgesetz e KrWG), which stands at the
core of federal waste law in Germany has been revised, mandating
the change to the Recyclables bin in the following years.
Between 2007 and 2010 a successful pilot project was runwhich
tested a new waste management concept based on a Wet-Dry bin
system in the urban area of Kassel (Ehrhard, 2009; Halm, 2009;
Urban and L€ohle, 2012). The tested system intended to replace
the existing residual waste bin, the Yellow bin and the Bio-bin, into
a two-bin system, i.e.: (1) a Dry bin, containing the Yellow bin
materials plus the rest of dry potentially recyclable materials found
in the residual bin; and (2) a Wet bin, containing the present Bio-
bin, plus all other wet fractions from the residual bin. A summary
of experiments and results from the Kassel pilot are given in the
Supplementary data ﬁle to this paper.
3.4. Summary on separate collection systems
To conclude, an overview of separate collection systems for
recyclable materials, covered in Section 3, is presented in Table 3.
Here their place in the overall collection system from households
becomes clear. In general, a commingled single-stream or dual-
stream, runs beside residual MSW collection, however, if glass is
not included (italic in table), another scheme might be available,
such as a bring scheme (in italic). Similarly, in some US commu-
nities biowaste is collected as an additional stream. The mainland
European model (except France) is, on the other hand, most of the
times based on separate collection, in mono-streams, of paper
(sometimes together with cardboard) and glass and a commingled
collection of lightweight packagingwaste. A biowaste stream is also
prevalent in many countries. Despite apparent differences, it can be
pointed that these collection systems can all cover the same waste
materials. The dual-stream approach in particular is similar to the
Table 3
Household MSW collection systems e separate collection and materials in italic denote that these are not always present or included.
Collection systems Materials in highlighted (bold)
collection systems
Form of collection Predominant in
Glass collection
Biowaste collection
Single-stream commingled
Residual MSW
One bin: paper, cardboard, metals,
rigid plastics, foil plastics, beverage
cartons, glass
Kerbside US, UK, Ireland, Canada, Australia, France
Glass collection
Biowaste collection
Dual-stream commingled
Residual MSW
Bin/compartment 1: paper, cardboard,
foil plastics
Bin/compartment 2: metals, rigid
plastics, foil plastics, beverage cartons,
glass
Kerbside US, UK, Canada, Australia, France
Mixed paper and cardboard
Glass collection
Biowaste collection
Lightweight packaging waste
Residual MSW
One bin/sack: rigid plastics, foil plastics,
metals, beverage cartons, other composite
packaging
Mostly Kerbside (except glass) Austria, Germany
Mostly Bring/public systems Spain, Portugal
Mixture of Kerbside and
Bring/public systems
Belgium, Italy, Netherlands, Sweden,
and other European countries
Paper collection
Glass collection
Biowaste collection and other
mono-material streams
Residual MSW
Separate bins/bags or multi-compartment
bins for: metals, cardboard, glass (sometime
by colour), plastics, beverage cartons etc.
Mostly Kerbside Sweden, Finland, Japan, the UK (as kerbside-sort systems)
Paper collection
Glass collection
Wet-Dry system
(broad deﬁnition)
Bin 1: dry MSW items
Bin 2: wet and soiled MSW items
Kerbside Germany (trial), some communities
in the US (but without the separate
collection of paper and glass)
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mainland European model, with the exception that the paper/
cardboard and lightweight packaging materials are typically not
sorted in the same plant.
4. Sorting facilities for dry commingled recyclables from
separate collection
In the United States, some pioneering systems for sorting
commingled recyclables came online in the late 1980s, such as a
plant in Springﬁeld (Massachusetts), which was able to separate
commingled glass, metals and paper (Combs, 1990). The US EPA
was estimating that in 2011, a total of 633 MRFs were operating in
the United States, processing an estimated 25 to 30 million tons of
recyclable materials frommunicipal waste (USEPA, 2011). The most
recent statistics, presented by de Thomas (2013) at the Resource
Recycling Conference (August 27e28, Louisville, Kentucky), put the
number of single-stream MRFs in the US at 248, an increase from
160 in 2006, 70 in 2001 and the original 5 in 1995. Many of these
MRFs are still low technology, meaning that materials are pre-
dominantly sorted manually. However, the more than ﬁfteen years
learning curve in the US, strongly inﬂuenced by the market-based
economic drivers, has resulted in the emergence of plants that
are very sophisticated, large capacity and employ high levels of
automation. Large plants have 3 to 5 processing lines and receive
more than 25 different materials for sorting (de Thomas, 2013;
Kessler Consulting Inc, 2009).
A recent survey to conﬁrm the total number of MRFs in the
United Kingdom has not been found, however, WRAP stated that
there were 61 plants in 2006 and 93 plants in 2009 (WRAP, 2006;
WRAP, 2009). The numbers include both single-stream and dual-
stream installations. The 2006 study gives indications of the
number of plants within certain design capacities, showing that
only 8 plants out of 61 had a capacity bigger than 50.000 tonnes per
annum (tpa). Nonetheless, a trend towards building new plants of
large capacity was already evident.
The French Environment and Energy Management Agency
(ADEME) published in 2013 a detailed report on the state of sorting
plants for municipal commingled dry recyclables (Cabaret and
Follet, 2013). They state that 253 plants operate in France, pro-
cessing a total of 2.9 million tonnes of recyclables from separate
collection, 72% of which come from single-stream and 23% from
dual-stream collection. The average processing capacity per
installation in France is quite low, at 11.000 tpa, nonetheless some
large plants also exist. Further referring to the technological level
employed, Cabaret and Follet (2013) state that 45% of total mate-
rials are sorted in plants with automated sorting of plastics, 13% of
which are equipped additionally with automated sensor-based
sorting for ﬁbre materials.
Perhaps the most dramatic development in sorting/separation
systems and technology has taken place in Germany. Before the
year 2000, ca. 250 LVP sorting plants of small to medium capacity
(largest 40.000 tpa) were operating, with the ﬁrst deployment of
plastics sorting by means of sensor technology in 1999 in a plant in
Trier. In the following period, the implementation of the various
stages of development in terms of technical equipment and process
was relatively short (5e10 years) and was accompanied by a strong
increase in capacity concentration (Christiani, 2009). By 2003, there
were 140 plants (biggest capacity 60.000 tpa), and in 2007 the
number had fallen under 100 (biggest capacity 100.000e120.000
tpa). A study from 2011 puts the number of existing plants at 92.
However, almost 90% of the approximately 2.2 million tonnes of
collected LVP waste was processed in less than 50 plants. Of
outstanding signiﬁcance are seven large plants that have approxi-
mately all the attributes of the state-of-the-art (described later),
with a total capacity of about 30% of the nationwide LVP-volume.
Technology-wise, by 2008, all existing plants used automated
sorting of mixed plastics, whereas todaymore than 70% of collected
LVP-volume is processed in plants with automated sorting of
plastics by resin type (Bünemann et al., 2011; Christiani, 2009,
2011).
4.1. Materials Recovery Facilities (MRFs) in connection to single or
dual-stream collection
Although some progress has been made towards standardiza-
tion, there is a large variation in MRF plant design and process
conﬁgurations owing to regional differences such as inﬂowing
waste compositions, plant size, availability of manual labour and
regulatory frameworks. Site visits, technology and process de-
scriptions have been compiled in a number of consultancy reports,
such as by Tim Goodman and Associates (2006) and Kessler
Consulting Inc. (2009) for US plants, HDR (2012) for Canadian
plants and WRAP (2006) for UK plants.
4.1.1. Single-stream MRFs: technology and process differences
The process ﬂow diagram and a detailed process description for
a state-of-the-art single-streamMRF in the UK (the Ford MRF, West
Sussex) are given in the Supplementary data ﬁle. In the following, a
brief description is provided for critical process differences be-
tween advanced plants in the US and the UK.
The commingling of ﬁbres (paper and cardboard) and con-
tainers/typical packaging (plastics, metals and glass) has histori-
cally posed speciﬁc challenges for single-stream plant designers
and equipment developers. Therefore, single-stream processing
has entailed placing specialized sorting equipment at the front end
of the processing ﬂow to separate ﬁbres from containers, which
then proceed on separate sorting lines. A trommel screen is typi-
cally used for this purpose in the UK. The technology employed,
however, in most installations in North America is disk or star
screens (Kessler Consulting Inc, 2009). These screens are typically
used in specialized paper sorting plants and consist of a series of
rotating axles, each containing a number of disks spaced along the
axle (Wagner et al., 2006). The disk shape, as well as their
arrangement, can be adjusted to sort varying size materials. Large
materials travel across the top of the screen, while small materials
fall through it. A series/sequence of typically inclined disk screens is
used to recover various grades of paper. A primary screen is used to
separate cardboard, followed by screens with smaller disks, which
separate other grades of paper, such as newspapers from smaller
paper fractions. A second stage screening is typically used to reﬁne
the initial separated grades. Technology manufactures claim sepa-
ration efﬁciencies between 80 and 98% for these types of equip-
ment. Possibly a consequence of the different primary screening
approach is that MRFs in the UK mainly sort three grades of paper:
cardboard, news & pams (newspapers and magazines) and mixed
paper, whilst some MRFs in North America sort six or more grades
(Abramowitz, 2011;WRAP, 2011a). A different approach is also used
in the US with respect to glass separation. Specialized screens,
called “glass breakers”, are employed typically upfront in the pro-
cess to brake and remove glass. Efﬁciency of such screens is re-
ported to be as high as 95%. Additional descriptions of MRF
equipment and indicative equipment efﬁciency can be found in the
report by Tim Goodman and Associates (2006).
4.1.2. Performance and quality of recovered materials
Detailed information on mass balances, process efﬁciency and
output quality of commingled waste sorting plants is scarce, if not
completely missing in scientiﬁc literature. The following section
gives a brief summary of four studies which have evaluated the
process efﬁciency and/or quality of material outputs for single-
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stream MRFs in North America and the UK. Table 4 shows product
purities measured in three studies, alongside typical quality re-
quirements on the UK market.
R.W. Beck (2005) analysed collected streams, sorting residues
and recovered material streams arising in 9 MRFs (of which, 2
Single-stream and 4 Dual-stream). Sampling and characterization
took place between 2002 and 2004. Composition analyses, using up
to 36 fractions, were performed for paper and plastic products,
under the assumption that for other recoveredmaterials (i.e. metals
and glass) the content of contaminants would be insigniﬁcant. In
this study, recovery efﬁciencies were notmeasured and only simple
mass balances, based on plant yearly production, were presented.
Installation setups and technologies were not described in detail
due to conﬁdentiality issues. Enviros Consulting (2009) performed
a study forWRAP UK, inwhich the input waste, outputs and sorting
residues of a total of 18 MRFs, of which 13 single-stream, were
characterized in terms of composition to document both the quality
of commingled collection and MRF efﬁciencies. This was done by
assessing a large number of samples over an extended sampling
period, however, material mass balances were not included in the
work. Moreover, all results were given as averages, with the
expressed aim of not disclosing or singling out any very well or
badly performing MRFs. A more comprehensive study was per-
formed by the Oregon Department of Environmental Quality (DEQ),
where the authors had access and analysed all inputs and product
outputs of the ﬁve largest single-stream facilities in the US state of
Oregon (DEQ, 2011). Complete mass balance and material speciﬁc
recovery rates were derived in this work, however, a word of
caution is appropriate in what regards possible bias, as these were
calculated and provided by the plant operators themselves. There is
no information concerning the level of technology or process ﬂow
description. The analysis of outputs was made such that it cannot
be connected to a certain facility, due to conﬁdentiality agreements.
Lastly, Eule (2013) has assessed the performance of three single-
stream MRFs in the UK over a period of several years. His doctoral
dissertation constitutes the most comprehensive study on MRFs to
date, offering insight from within the highly competitive industry,
into material mass balances, process design and performance of
such plants. The three evaluated plants were of large capacity,
75e100,000 tpa, but with relatively different process conﬁgura-
tions and levels of automation. Eule (2013) uses a series of perfor-
mance parameters to assess MRFs processing commingled dry
recyclables, such as total recovery rate of recyclable content, product
quality speciﬁcations, plant availability and throughput rate. The ﬁrst
parameter, total recovery rate of recyclable content, is set by the UK
authorities typically at 90e95%, while product quality speciﬁcations
are driven by the market for secondary raw materials and refer
mainly to purity levels. Plant availability (net operational time) and
achieving of designed throughput rates are parameters of special
interest to plant operators. Over several performance tests, the
three plants recovered between 91% and 98% of recyclables content
in the input commingled stream while running at designed
throughput. Looking at all three assessed facilities, total plant
availability ranged between 75% and 96%.
There are several sources which stated that single-stream pro-
cessing facilities tend to incur on average higher sorting residue
rates when compared to other facilities that process more segre-
gated material. Typical residue rates ranged from 3 to 10% of plant
input, with much higher rates reported at 14e27%, for plants which
divert mixed broken glass into the sorting residue (HDR, 2012;
Kinsella and Gertman, 2008). However, mass balance data from
DEQ (2011) and Eule (2013) showed that very low sorting residue
levels are achievable for state-of-the-art installations, in fact,
sorting residue levels were highly dependent on the share of
contamination and unwanted materials in the input, i.e. streams
from collection. High-tech plants, such as the Ford MRF, employ
additional re-circulation of residue streams, which combined with
mechanical and manual sorting, make a signiﬁcant contribution to
higher recovery and reduce sorting residues to a minimum.
Material speciﬁc recovery rates in single-stream MRFs
While a relatively robust performance parameter, the total re-
covery of recyclable content (widely used to assess MRFs), does not
offer insight into the distribution of material fractions over different
plant outputs. Depending on the efﬁciency of separation and sort-
ing processes, every speciﬁc material fraction can be regained: (1)
in its speciﬁc intended product; (2) in compatible products; (3) as
contamination in other products; or (4) it can be lost in the sorting
residues which are intended for disposal. Materials transferred to
compatible products can suggest an economic value loss and also a
downgrading recycling process (downcycling), while transfer to
incompatible products or sorting residues constitute an absolute
loss. Material speciﬁc recovery rates calculated based on the distri-
bution of material fractions over plant outputs, have ﬁrst been re-
ported by DEQ (2011) and documented as average rates for 5
installations in the US. The detailed performance test data reported
by Eule (2013) has enabled the authors of the present study, to
calculate material speciﬁc recovery rates for the Ford MRF in the
UK. These are presented in Table 5, with the intention of offering a
comparative perspective of efﬁcient plants in the UK and the US.
Table 4
Typical required purity in the UK and results from three different characterization assessments in the US and the UK.
Product Required purity UK (wt.-%) Ford MRF (UK) US 5 SS MRFs (DEQ, 2011) UK 13 SS MRFs (Enviros Consulting, 2009)
Average (wt.-%) Average (wt.-%) Average (wt.-%) Best (wt.-%) Worst (wt.-%)
Cardboard (OCC) 96 92.3 95.8 87.0 98.1 42.6
News & pams 96 92.0 93.8 90.5 98.1 78.0
Mixed paper 96 95.0 98.3 82.5 97.9 63.3
Al cans 98 97.6 94.4 97.9 100.0 92.0
Al foil 98 100.0
Steel cans 98 96.7 94.7 92.6 97.7 76.2
Metal mix 96.7
Glass 96 98.9 98.5
Beverage cartons 96 97.5
Natural HDPE bottles 95 91.2 92.5 96.1 85.4
Coloured HDPE bottles 95 91.7 93.1 96.7 89.6
Clear PET bottles 95 91.0 86.9 94.0 79.9
Coloured PET bottles 95 94.8 91.9 97.0 86.8
Plastic mix 96.6 84.9 99.4 56.4
Total sorting residues (wt.-%) 5.54 5.8
Plant input contamination (wt.-%) 3.35 9.0 13.1 5.7 22.5
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When compared to DEQ (2011), certain differences stood out,
speciﬁcally with respect to ﬁbre products. In the UK facility, the
fraction “News & Pams” was distributed more or less equally be-
tween the News & Pams and Mixed paper product, while the US
facilities recovered on average 95% of this fraction in the intended
product. Recovery rates were also signiﬁcantly higher for the other
ﬁbre fractions in the US. When looking strictly at total mass re-
covery in product outputs, the UK plant was more efﬁcient (97.7%
vs. 94.2%), however, if we compare the total material mass recov-
ered in intended products, the US plants had on average a much
higher efﬁciency (85.8% vs. 68.2%). In practice, it is also a question of
intended products, as for example in the Ford facility, News& Pams
could have been regained from themixed paper line and directed to
the News & Pams product by either a secondary screening or
manual sorting. However, the large diversion of this fraction to
mixed paper product did not appear to be seen as a problem in the
UK plant.
4.2. Lightweight packaging waste sorting
The process ﬂow of state-of-the-art packaging waste MRFs is
different compared to single-stream MRFs. The difference in ma-
terial mix, lacking paper, cardboard and glass, but typically
including more foil plastics and other composite packaging,
translates into speciﬁc stream characteristics, the main being bulk
density. Single-stream recyclables have a bulk density between 150
and 250 kg/m3 while lightweight packaging waste (LVP) only
around 50 kg/m3. While the historical challenge of single-stream
MRFs has been separating the “ﬁbres” (paper and card) from the
“containers”, mixed packaging sorting plants have evolved to
handle large volumes of very light waste. One characteristic of
these plants is that early in the process the input stream is split into
many size intervals, which are subsequently processed on indi-
vidual sorting lines.
4.2.1. Technology and process description
The process ﬂow diagram and a detailed process description for
a state-of-the-art packaging wasteMRF in Germany are given in the
Supplementary data ﬁle. According to Christiani (2009) the German
state-of-the-art in LVP sorting could be characterized through the
following:
 Proven operational components and extensive standardization
in process control;
 Substitution of ﬁnal product manual sorting with quality con-
trol; overall reduction inworkforce to less than 10% compared to
the beginning of development in LVP sorting;
 High diversiﬁcation of the product range (10e11 standard
product outputs with revenue, as of mid-2008);
 High processing capacity (100,000 tpa, throughput rates are
more than 20 tonnes/hour or 800 m3/hour);
State-of-the-art plants can have up to a total 20 NIR (near-
infrared) sorting machines. In addition to NIR, multi-sensor sys-
tems are commonly used for speciﬁc tasks (combining NIR, colour
or induction sensors). Some of these plants use additional sensing
equipment for material and process surveillance. For this purpose,
ultrasonic or VIS-camera based volume ﬂow measurement devices
are in use, which helps the plant operator to react on changes of the
volumetric ﬂow in the plant set up. Notwithstanding the high level
of automation, these installations need to be augmented with some
manual quality control in order to correct for systematic sorting
errors and achieve some reﬁning tasks before products are ready
for the market (Bünemann et al., 2011; Christiani, 2009). Some
mixed plastic sorting plants, however, do not require any manual
quality control. The new developments in collection, i.e. the evo-
lution of the yellow bin towards a recyclables bin, are introducing
new challenges which are already addressed by sophisticated
technical solutions. One example is the use of dual-energy X-ray
transmission sensors to sort small electronics (Langen et al., 2008).
4.2.2. Performance and quality of recovered materials
With the implementation of the dual system in Germany, a large
subvention machine was created, and this supported not only the
development of technology for material sorting, but also the
development of a new recycling industry, especially with respect to
Table 5
Material speciﬁc recovery rates in all products, in compatible and in intended products, based on two studies. Total recovery rates are shown in bold.
Input fractions (Eule, 2013) Total in products Total compatible Intended product Input fractions (DEQ, 2011) Total in products Total compatible Intended product
wt.-% wt.-% wt.-% wt.-% wt.-% wt.-%
News & PAMS 99.7 99.6 49.9 News and compatible 98.5 96.8 96.8
Mixed paper 97.1 96.7 77.9 Paper (bleached) 99.2 99.1 99.1
Cardboard (grey board) 97.0 86.2 84.6 Paper (unbleached) 97.8 97.7 56.6
Cardboard (Corrugated) 96.6 90.8 44.4 Cardboard 99.3 92.3 92.3
Beverage cartons 90.0 90.0 31.1 Gable top beverage carton 95.2 55.6 25.6
Other paper & card 94.6 89.6 71.8 Aseptic drink cartons 91.4 89.7 29.3
Aluminium cans 98.8 87.5 87.5 *Non-recyclable paper 75.5 60.4 24.5
Aluminium foil 90.0 70.0 30.0 Aluminium cans 96.7 67.0 67.0
Other non-ferrous 88.9 66.7 66.7 Aluminium foil 83.0 33.0 33.0
Steel cans 99.8 96.0 96.0 Steel cans 97.1 85.9 85.9
Other ferrous metal 89.3 76.7 76.7 Other scrap metal 92.4 86.6 86.6
Clear PET bottles 97.8 94.0 86.9 Plastic bottles & tubs 98.6 84.2 84.2
Coloured PET bottles 97.3 82.0 62.2
Natural HDPE bottles 97.6 93.5 91.3
Coloured HDPE bottles 89.0 74.6 60.7
*Mixed dense plastics 31.3 e 67.6 *Other plastics 69.2 68.0 30.8
*Plastic ﬁlm 26.7 e 73.3 *Plastic ﬁlm 24.1 75.9 75.9
Glass 99.9 98.6 98.6 *Glass 1.4 98.6 98.6
*Waste materials 34.0 e 64.8 *Hazardous materials 54.1 45.9 45.9
*Fines <40 mm 82.2 e 69.6 *Other contamination 16.5 83.5 83.5
Weight % total output 97.7 94.0 68.2 Weight % total output 94.2 88.9 85.8
*An asterisk in front of the material name means this material was not supposed to be included in the commingled collection.
Total in products e denotes all recovered material except the share in sorting residues.
Total compatible e denotes material recovered in the intended products þ compatible products.
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plastics recycling. Duales System Deutschland established the
Deutsche Gesellschaft für Kreislaufwirtschaft und Rohstoffe mbH or
shortly DKR, to centrally organise the collection of the sorted ma-
terials from the sorting facilities and delivers them to recycling fa-
cilities. Thus DKR is the link between the recovery facilities and the
recycling markets. This enabled the establishment of quality stan-
dards for sortedproducts through the combinationof demands from
the recycling industry and technical sorting capabilities (Table 6).
The performance, in terms of materials recovery and quality of
products, of LVP sorting plants, and in general packaging sorting
plants has not until now been properly documented in interna-
tional scientiﬁc literature (e.g. mass transfer in different unit pro-
cesses, mass balances, recovery/yield of fractions and purity of
recovered products). Table 7 presents generic recovery efﬁciencies
given in German literature.
Sorting residues in highly efﬁcient sorting plants still amount to
around 20% of material input. This is, nonetheless, dependent on
the material composition and the amount of contaminants in the
collected LVP, which is typically also around 20% of collected
materials.
4.3. Economic considerations
The costs and beneﬁts related to collection and processing of
commingled recyclable materials from households have received
signiﬁcant attention and as such, a few important notes are
included in this review. In general, it can be remarked that the
economics of different collection and sorting systems vary widely
depending on system speciﬁcs, such as location, size, whether they
serve urban or rural communities and many other factors. In
addition, the authors found that there is no consensus on com-
mingled systems being economically advantageous compared to
mono-material collection.
Economic costs, capture/recycling rates and environmental
beneﬁts of different separate collection approaches have been the
subject of debate for the last 20 years in the US and Canada. But
rather than the choice between mono-stream (e.g. kerbside sort)
and commingled collection systems, the focus of debate has been
commingled systems, i.e. single-stream vs. dual-stream systems.
On most points, the results of various studies are inconclusive (CRI,
2009; Lantz, 2008; Lantz and Morawski, 2013). In terms of econ-
omy, Lantz and Morawski (2013) reported results based on moni-
toring of the largest Ontario-based single-stream and dual-stream
programs between 2003 and 2011. Their analysis included kerbside
collection, processing (sorting) costs and subtracted revenues from
material sales. The results showed that single-stream programs had
in general been more expensive and that the gap in cost had
increased over this period. Nevertheless, some US-based studies
have shown that a switch from dual-stream to single-stream was
both economically and environmentally beneﬁcial (Chester et al.,
2008; Fitzgerald et al., 2012). In the US the cost of separate
collection programs is mostly supported by household fees for
waste management services.
The penetration of commingled collection is less prevalent in the
UK compared to theUS. Here around 50% of local authorities employ
kerbside sort systems. A detailed analysis of costs and performance
comparing kerbside sort, dual-stream and single-stream systems in
the UK was published by WRAP (WRAP, 2008). The results of this
analysis indicated that kerbside sort systems incurred on average
lower costs compared to commingled systems, as a net of collection,
processing and revenue fromsale ofmaterials. Commingled systems
costs were highly dependent on MRF gate fees, while kerbside sort
costs dependedon the income fromdirectmaterial sales. However, a
more recent analysis performed on case local authorities indicated
the opposite, i.e. that assessed kerbside sort had higher costs
compared to commingled systems (Marques et al., 2014).
More broadly in Europe, where EPR-based legislation mandates
that the industry is responsible for their packaging end-of-life,
several questions have arisen: (1) whether the industry is actu-
ally covering the costs of collection and treatment, and (2) what is
Table 6
DKR product standards: material components and minimum purity (wt.-%).
Product DKR-Nr. Description Purity (min)
Fe-metals (tinplate) 412 Beverage-, food cans, buckets including labels 67%; standard 82%
Aluminium 420 Al cans, trays, foil, including labels/lids 90%
Beverage cartons 510 Emptied packaging cardboard composite materials (carton/PE/Al)
for liquid and paste products (milk, juice, sauces)
90%
Paper-card packaging 550 Paper, cardboard composites with the exception of beverage cartons 90%
Plastic foils 310 Plastic ﬁlms > A4 such as bags, shrink ﬁlms including labels 92%
Mixed plastic bottles 320 Empty, rigid, <5 L such as beverage, detergent, household cleaning bottles
including labels
94%
MPO e mixed polyoleﬁn 323 PP and PE such as bottles, cups, trays, foils and other similar including labels 85%
PET e bottles, transparent 325 Empty, rigid, <5 L such as beverage, detergent, household cleaning bottles
including labels
98%
Mixed PET 90/70/50% 328-1-2-3 Transparent PET bottles in the percentage stated and rest of other PET
packaging
98% PET content
Single PP,PE, PS fractions 324, 329, 331 Empty, rigid, <5 L such as bottles, cups and trays 94%
Mixed plastics 350 Plastic packaging (PE, PP, PS, PET) including labels, lids 90%
Table 7
Material recovery in state-of-the-art LVP plants, adapted from Bünemann et al. (2011).
Product Sorting technology Recovery yield (%) Reprocessing route
Bulky materials (buckets/large cans) Manual e Mechanical recycling
Ferrous metals Magnetic separation >95% Steel industry
NF-metals (Al) Eddy current 60e90% (typically 80%) Pyrolysis and Al industry
Beverage cartons NIR 90% Paper industry
Plastic foils > A4 Air separation, NIR, foil grabber >70% Mechanical recycling,
Hard plastics (PE, PP, PS, PET) NIR 70e90% Mechanical recycling,
Mixed plastics NIR >85% Mechanical recycling or energy recovery
Residues e e Energy recovery
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the actual cost incurred by these operations. To answer these
questions, several studies were recently published, which assessed
the framework and system setting present in a total of seven Eu-
ropean countries, including Portugal, Belgium, France, Germany,
Romania, the UK and Italy (da Cruz et al., 2014; Marques et al.,
2014). For each country a balance of costs (packaging collection
and processing costs) and beneﬁts (EPR ﬁnancial support, sale of
materials, and other revenues) was compiled and revealed that,
from a ﬁnancial perspective, costs were fully balanced by beneﬁts
only in Germany and Belgium. Costs for collection and processing
(sorting) of packaging waste varied considerably across these
countries due to widely different management systems (collection
and sorting systems) and background conditions (e.g. salary levels,
landﬁll and incineration taxes and gate fees).
5. Recovery of recyclables from mixed municipal solid waste
5.1. The renaissance of mixed MSW mechanical processing e
Mechanical-Biological Treatment (MBT)
Mechanical-Biological Treatment (MBT) is a collective term,
mainly used in Europe, which incorporates several variations of
MSW treatment, based on a combination of mechanical processing
and biological treatment (i.e. aerobic or anaerobic decomposition)
(Beckmann and Thome-Kozmiensky, 2006; Thiel and Thome-Koz-
miensky, 2010). MBT was conceptually developed in Austria, Italy
and Germany, countries which still have a large part of MSW
treated with this technology. Between 2005 and 2011, the number
of installations throughout Europe is reported to have increased
with 60%, to more than 330, and a total treatment capacity of
around 33million tonnes (Nelles et al., 2012). Countries which have
been expanding rapidly their MBT infrastructure are the UK, Spain
and Portugal. The resurgence of MBT in Germany has been linked to
the 2005 landﬁll ban on untreated waste, while the key drivers in
Europe have been the targets of the Landﬁll Directive (Directive
1999/31/EC) to reduce biodegradable organic waste to landﬁll.
In North America, similar types of installations are called Dirty
MRFs or mixed MSW MRFs, however, the biological step is many
times missing and the remaining stream after mechanical pro-
cessing is directly disposed of in landﬁlls (Kessler Consulting Inc,
2009). According to the US EPA, 43 Dirty MRFs were in operation
in the US, in 2011, handling around 10 million tonnes of waste
(USEPA, 2011).
5.1.1. Combined waste treatment and materials recovery in MBT
plants
In many European countries, recyclable materials are still pre-
sent in signiﬁcant quantities in residual or mixed MSW streams,
whether due to poorly performing separate collection systems, or
lack thereof. Most MBT plants recover metal fractions from residual
MSW, while in Southern Europe also other recyclable materials are
separated such as plastics (typically HDPE, LDPE and PET), beverage
cartons, paper and cardboard. An important motivation for this are
climate conditions in Southern Europe, which encourage frequent
collection of waste from households (1e3 days), in turn leading to
relatively dry waste with low cross-contamination levels. In most
cases, the MBT installations are relatively low-tech and employ
magnetic and Eddy current separators to recover metals and
manual sorters for all other materials. Typical plants for Spain are
described for example byMontejo et al. (2013). In the last few years,
however, more examples of highly automated installations,
employing advanced process ﬂows and dedicated sorting technol-
ogy for recovery of recyclable materials can be observed. Illustrative
examples are the four Ecoparc installations in the metropolitan
area of Barcelona (Spain), which employ such techniques as ballistic
separators, air classiﬁers and NIR sorters (Santos, 2012). Some
attention has been cast upon another plant in Cyprus, promoted as
a showcase for high-tech MSW sorting. This installation has been
described in a number of conference contributions (Kluttig, 2010;
Lolos et al., 2011; Martin, 2011). Further examples can be found in
Austria, France and the Netherlands, and furthermore, these types
of installation are now being commissioned in Central and Eastern
Europe, with a recent example in Poland (Jansen et al., 2013;
Lambertz, 2012; Ligus, 2012).
5.2. Mixed collection of packaging waste with residual household
waste?
Against the background of increasingly advanced and efﬁcient
sorting technology in Germany (late 1990s, 2000s), discussions
emerged or re-emerged on various alternative municipal collec-
tions systems which would simplify separate collection for citizens,
while at the same time would ensure the same comprehensive
recycling and economic efﬁciency. A valuable overview of alterna-
tive municipal collection systems tested in Germany before 2009 is
given by Becker (2009). One such alternative, proposed the partial
or complete waiver of a separate LVP collection, the collection
thereafter of LVP materials with residual waste, and the recovery of
recyclables in advanced residual MSW treatment plants. This was
ultimately tested in a series of large scale experiments conducted
between 2003 and 2010. The same concept has more recently been
tested also in Italy (Gensini et al., 2012; Meoni et al., 2011) and
Norway (Fråne et al., 2014; Mepex, 2013). An interesting perspec-
tive is further available from the Netherlands, where mandatory
separate collection of plastic packaging waste was introduced only
in 2009. At that time a number of municipalities chose to adhere to
a form of central sorting to recover plastics from residual MSW,
rather than setting of a new separate collection system. Increased
understanding of limits for separate collection, especially in urban
agglomerations, persuaded the Dutch authorities to allow both
systems to coexist.
Moreover, some packaging waste is already recovered from re-
sidual MSW besides existing or emerging source separation
schemes in parts of Austria, Cyprus, France, Poland and Spain
(Gallardo et al., 2012; Jansen et al., 2013; Ligus, 2012; Lolos et al.,
2011). The Austrian national producer responsibility system (ARA)
allows deliberate recovery of plastic packaging from the residual
collected in the four largest cities, motivating that the response to
separate collection is too low in these urban areas. In Spain, plastic
packaging waste is recovered in 52 residual MSW processing fa-
cilities (MBTs) at the request of Ecoembes (national EPR system).
The recovered amounts contribute with more than 37% of the total
packaging materials recycled in the country.
5.2.1. Results from large scale tests in Germany
The technical accessibility of packaging waste fractions directly
from mixed MSW has been tested in several large scale trials in
Germany. The objective was to test the possibilities of recovering
plastics from mixed MSW and to compare the recovery rates and
quality with those of plastic streams recovered by separate
collection. Two types of trials were conducted, ﬁrst with normal
residual waste, and second, with residual waste which was dried in
MBT plants based on the concept of mechanical-biological stabili-
zation. In all trials, residual MSW had to be mixed beforehand with
separately collected LVP. The ﬁrst study on this system consisted of
sorting tests conducted by RWE Umwelt in 2003. In the course of
several large-scale sorting experiments, a mixture of residual waste
and separately collected LVP were processed using a fully auto-
mated installation. Regarding the efﬁciency measured during these
ﬁrst experiments, documented sources attest only that all recovery
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quota of the German Packaging Ordinance were met with the
recovered products (Janz et al., 2011; Simon, 2003). Further ex-
periments followed in 2004. Between 2009 and 2010, another se-
ries of large scale tests were carried out in Trier, Germany, in which
a total of more than 5000 tonnes of dried mixed MSW was used.
The tests are described by Pretz et al. (2010) and Jansen et al. (2013).
In the latter tests, the chosen plant was producing a medium
caloriﬁc product to be used in energy recovery plants, after bio-
logical drying and further conditioning by removal of metals and
ﬁnes (mostly inert material). The overlay of the plant was changed
for the trials. After screening of ﬁnematerial (cut-off of 80 mm), the
screen overﬂow was directed to a fully automatic sorting system
consisting of several conditioning and sorting steps using air clas-
siﬁers, a ballistic separator and several NIR units. The screen over-
ﬂow accounted for 30% of initial wet waste input mixture to the
plant and had an enriched plastics content of 31%. Polyoleﬁn
plastics (PE/PP) were speciﬁcally targeted for recovery, because
they are the largest fraction, i.e. more than 50% of the plastic con-
tent. The automated process recovered a ﬁlm product and a mixed
polyoleﬁn plastic concentrate (PO concentrate), both with purities
of 95e97%. The PO concentrate captured around 28% of the poly-
oleﬁn plastics in the initial input (speciﬁc yield), and accounted for
3% of the total input wastemass (overall yield) to the plant. In order
to test recycling potential, the PO concentrate was sent to a plastic
recycling plant which typically processes plastic sorted in DSD
plants. After several puriﬁcation processes and mechanical recy-
cling, 68% of the PO concentrate was recovered as plastic granulate
suitable for use in new applications.
Despite the number of large trials in Germany, unique envi-
ronmental and economic beneﬁts were not clearly determined
(Becker, 2009; Janz et al., 2011). In addition, many questions
remained unanswered, such as the recyclability of plastics and
composites, the market acceptance of products as well as the po-
tential impact on the separation behaviour of citizens. More so than
in other countries, German citizens associate an active environ-
mental protection with the separation of waste. Lastly, aspects of
legal constraints (the Packaging Ordinance, responsibility for the
system) and ﬁnancial arrangements also remained to be clariﬁed.
5.2.2. “Post-separation” of plastic packaging in the Netherlands
Up to 2008, the Netherlands primarily recycled post-industrial
plastic packaging waste (PPW) and had only implemented a de-
posit refund systems for PET bottles (>1 l) from households.
Nevertheless, in 2006 a new packaging waste law had been adop-
ted and took effect in 2008, specifying a 42 percent recycling goal
for 2012 considering all generated PPW. The ﬁrst pilots with
separate collection from households started in 2008 and by 2010
almost all municipalities contributed to the separate collection
system. However, a number of municipalities which were sending
their waste to mechanical processing plants (i.e. typically MBT) did
not adhere to the separate collection system and even argued that a
comingled collection of residual MSW and PPW followed by auto-
matic separation would be more efﬁcient, hence forth called post-
separation (nascheiding in Dutch). Thus, in 2010 55 of the 418
municipalities supplied their residual MSWat twowaste treatment
centres ﬁtted with plastic recovery facilities (Omrin in Oude Haske
and Attero-Vagron in Groningen). In 2011, a third plant became
available, Attero Noord in Wijster. The plants were granted a fee to
recover plastic concentrates, hard plastics and foil plastics, which
are then sent to plants in Germany for sorting and re-processing.
Between 2009 and 2013, the Dutch TIFN (Top Institute Food and
Nutrition) project “Post-consumer Plastic Packaging recycling
(SD001)” has analysed the existing schemes for collection, recovery
and recycling of PPW in the Netherlands, from a technological,
logistical, economic and environmental perspective (Van Velzen
et al., 2013a). The three main PPW recovery systems were: (1)
source separation and kerbside collection; (2) source separation
and public bring systems; and (3) post-separation (or recovery).
The project has produced several comprehensive reports, including
a detailed technological mass balance for the Attero Noord post-
separation installation, which was tested in January 2011 with
300 tonnes of residual MSW from the municipality of Rotterdam
(Van Velzen and Jansen, 2011). The overall Dutch reference systems
for 2009 and 2010, including all three PPW recovery pathways,
were modelled based on empirical data, and a number of scenarios
were used to realistically model ﬁve different directions in which
the Dutch system could evolve. This included higher rates for
source separation efﬁciencies and post-separation recovery, as the
systems mature (Table 8). In terms of source separation efﬁciencies
(both kerbside and bring schemes), municipalities were catego-
rized based on ﬁve degrees of urbanization and on applying or not
differentiated household tariffs for waste management (i.e. pay as
you through schemes).
The large amount of empirical data collected in this project
enabled a deeper understanding of trade-offs between source-
separation and post-separation. Generally speaking, source-
separation should prevent the contamination of plastic waste by
separating it from other waste at the source. Indeed less non-plastic
material was found in the plastic waste from source separation than
in the plastic waste from post-separation, but the difference was
lower than expected (13% compared to 14% on average). Addi-
tionally, less attached moisture and dirt was found in source
separated PPW (15% compared to 25% on average). After sorting
and reprocessing tests, the yields of the separately collected PPW
and the recovered PPW differed slightly, i.e. lower reprocessing
yields for post-separated materials (2e10%). In conclusion,
although post-separation recovery schemes were able to collect
more material, the differences between separate collection and
post-separation were smaller when comparing the amounts of
produced milled goods and agglomerates that each system yielded.
Beverage carton pilot
In 2013, a pilot project was completed in the Netherlands, dur-
ing which, collection and recycling of beverage cartons was tested
in 37 Dutch municipalities, with various separate collection sys-
tems and two post-separation facilities (Van Velzen et al., 2013b).
Four collection and recycling schemes were tested: mono-material
separate collection, co-collection with plastics, co-collection with
Table 8
PPW recovery in the Netherlands based on recovery path (Van Velzen et al., 2013a).
Recovery path 2010 data Scenario data (maximum potential)
Source separation efﬁciencies PPW (kg/capita and year) Source separation efﬁciencies PPW (kg/capita and year)
Separate collection 30%e64% (kerbside schemes) 12%e53%
(bring schemes)
5.8 kg (with miss-sorting)
4 kg (plastic content)
55% 11 kg (with miss-sorting)
9 kg (plastic content)
Post-separation n.a. 7.2 kg (with miss-sorting)
4 kg (plastic content)
n.a. 19.5 kg (with miss-sorting)
12 kg (plastic content)
n.a.: not applicable.
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paper and cardboard and post-separation or recovery from mixed
MSW. In terms of net collection efﬁciency, post-separation proved
most efﬁcient (65e90% recovery), whereas separate collection
yielded around 50% of discarded beverage cartons in households,
with large regional variation. Both separate collection efﬁciencies
and post-separation sorting were expected to improve if the sys-
tems will be allowed to mature. All recycled pulps made from
different types of beverage cartons could be converted into rela-
tively strong paper materials from which corrugated boxes can be
produced. The mechanical properties of paper hand-sheets made
out of pulp from the four recycling schemes were relatively similar.
Themicrobiological load of thesematerials was, however, relatively
high for all of them, which limits the applicability to non-food
packaging and secondary packaging. The ﬁnal properties of the
recycled products were hardly affected by type of collection and
recycling scheme.
5.3. Technology, performance and quality of recovered materials
The process ﬂow diagram and a detailed process description of
the material recovery section in the Ecoparc 4 MBT plant in Bar-
celona, Spain, are given in the Supplementary data ﬁle. Detailed
accounts of process efﬁciency for MBT plants, in terms of sorting
efﬁciencies and quality of recovered materials are scarce in pub-
lished literature. Some examples found are summarized in Table 9
(material speciﬁc recovery rates), Table 10 (output quality) and
Table 11 (overview of reviewed studies). The most detailed account
available was for Ecoparc 4 MBT, which was subjected to a three
month long campaign of performance testing, documented by
Navarotto and Dominguez Llauro (2012). During the tests, materials
ﬂows were recorded, sampled and analysed, including waste input,
products, plant residue and some intermediary process ﬂows.
The amount of potentially recyclablematerials recovered inMBT
plants is highly dependent on their content in the input residual
MSWand also on seasonal conditions which inﬂuence their quality.
The recovery rates in Tables 9 and 11 should be seen only indicative,
as there are large differences in the composition of waste input,
process technology and purpose of the plants presented. One
striking difference is that the main purpose of recovery plants in
the US is typically to separate recyclable materials, whereas in
Europe, the main objective of MBT plants is the separation and
comprehensive biological treatment of the organic biodegradable
materials. The production of refuse derived fuels (RDF) and recov-
ery of materials for recycling are, in general, secondary objectives.
Biological treatment is often a composting process, with outputs
called “stabilized organic fraction” (SOF) or “compost like outputs”
(CLO). To include these outputs in the total recovery of a plant can
be argued as in Europe they are mostly used as landﬁll cover or for
land reclamation purposes and only to a very limited extent as
organic fertilizer in agriculture (Stretton-Maycock and Merrington,
2009).
Although the total quantity of residual MSW diverted towards
material recycling represents a relatively small percentage of total
plant output (between 3% and 22%), the signiﬁcance of material
recovery in MBT plants can be substantial. Taking the example of
the four Ecoparc MBT plants serving the metropolitan area of Bar-
celona, the four installations combined recovered about 40.000
tonnes of dry recyclables in 2011 (i.e. 12 kg/capita and year). These
four plants have a combined nominal capacity of 1.1 million tonnes
residual MSW. To put recovery values in perspective, the four MBTs
combined, recovered the equivalent of 20% of recyclables gained
through the public bring system, which amounted to 200.000
tonnes. Overall, these materials account for around 7% of all MSW
recovered for recycling, which was reported at a total rate of 37% of
generated MSW in the region (Santos, 2012).
5.4. Economic considerations
Economic data, in terms of the signiﬁcance of costs and beneﬁts,
related to recovery of recyclable materials in MBT plants is almost
entirely missing in literature in comparison with separate collec-
tion systems which have received more attention. The results of
two studies, from Germany and the Netherlands, are presented in
the following.
Table 9
Recovery efﬁciencies (weight percentage in wet basis, kg recovered kg1 input):
percent of individual waste materials and total recovery as a percent of total residual
MSW input.
Output product Ecoparc 4,
Barcelona
Larnaca,
Cyprusa
Castilla y Leon (Spain);
8 plants (Montejo et al., 2013)
(wt.-%) (wt.-%) Average
(wt.-%)
Min
(wt.-%)
Max
(wt.-%)
Paper and cardboard 13 45 12 0.2 39
Ferrous metals 72 70 61 35 84
NF metals 29 70 62 33 95
Glass 3 45 13 5 49
Plastic ﬁlms 39 45 20 0.4 60
PET 67 45 29 5 48
HDPE 73 45 14 1 36
Beverage cartons 88 e 56 10 71
Mixed plastics
(PVC, PP, PS)
10 e e e e
Total
(wt.-% input waste)
10.5 e 7 2.5 13
a Recovery rates based on plant design (Lolos et al., 2011).
Table 10
Composition of certain material products from Ecoparc 4 during performance testing.
Material DKR min. purity PET HDPE Paper/card Beverage cartons Aluminium Fe metals
wt.-% wt.-% wt.-% wt.-% wt.-% wt.-% wt.-%
PET clear and coloured 98 98.70 0.24 0.00 0.50 0.00 0.00
HDPE clear and coloured 94 0.36 98.31 0.00 0.25 0.00 0.00
Paper/card 90 0.10 0.02 98.58 1.21 0.07 0.00
Beverage cartons 90 0.00 0.02 0.00 96.28 0.11 0.00
Aluminium 90 0.00 0.00 0.00 0.04 93.72 0.01
Fe metals 82 0.00 0.00 0.00 0.14 0.00 98.57
Other metals e 0.04 0.02 0.00 0.00 0.22 0.00
Plastic foils e 0.00 0.38 0.00 0.08 0.00 0.00
PP, PS e 0.35 0.45 0.00 0.00 0.00 0.00
Other plastics e 0.19 0.46 0.00 0.42 3.12 0.23
Glass e 0.00 0.00 0.00 0.00 0.00 0.00
Organic matter e 0.00 0.00 0.04 0.00 0.00 0.00
Other impurities e 0.26 0.10 1.38 1.09 2.76 1.19
Total e 100 100 100 100 100 100
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On the background of the discussions and technical trials in
Germany, Janz et al. (2011) have evaluated the economic savings
potential in logistics and the extra costs for separation technolo-
gies, which could be incurred by implementing a mixed collection
system for lightweight packaging together with residual MSW.
Taking an East German city as a case, their results showed an overall
increase in costs compared to the existing separate collection sys-
tem, in the range 30e40 V tonne1 of waste (generated residual
MSW and lightweight packaging combined). The treatment (sort-
ing) costs (capital and operating expenditure) per tonne of waste
from mixed collection were estimated at 47 V, with the construc-
tion of a new MBT plant, and at 40 V, with the modiﬁcation of an
existing MBT plant.
In the Dutch TIFN project, a full system economic assessment for
the considered scenarios was attempted (Bing et al., 2013; Van
Velzen et al., 2013a). The main cost parameters which were
determined for the two recovery paths, i.e. separate collection and
post-sorting, are presented in Table 12. Considering all operations
from collection to recycling of plastics and transportation needs,
full system costs per tonne of recycled PPW ranged from 660 V to
870 V for source separation systems and from 870 V to 920 V for
the post-separation system. The results of this study thus indicated
that slightly higher overall costs were incurred by the post-
separation system. Nevertheless, this has to be measured against
post-separation systems yielding larger amounts of PPW and
plastic recyclates compared to source separation.
6. Discussion
6.1. Product quality and implications for the recycling industry
6.1.1. Commingled separate collection and sorting of dry recyclables
Both in some European countries and North America, increasing
pressure to extend separate collection systems and increase na-
tional recycling rates, has resulted in implementation of fully or
partially commingled collection systems. On one side, some of the
reported advantages to these systems are high public participation
due to convenience, a simpler collection system (automatic or
semiautomatic pickup, less vehicles and people) entailing lower
costs compared to other approaches and better working
Table 11
Efﬁciency overview of MSW recovery (in cited literature).
Reference Installation type Location and scale Total input waste
recovered as output
products
Material speciﬁc recovery Quality of output
products (purity)
wt.-% wt.-% wt.-%
Van Velzen and Jansen (2011),a MT before WtE Wijster (Netherlands),
1 plant (250.000 tpa)
8%: 5% hard plastic mix;
3% foil plastics
35e40% of hard plastics
and 50% of foil plastics
70% for hard plastic
mix; 50% for foil plastics
Van Velzen et al. (2013a),a MBT and MT
before WtE
Netherlands, 3 plants
(about 500.000 tpa)
Around 4% as plastic
concentrates
20% of plastic fraction
(two plants in 2010);
60% of plastic fraction
(max. based on modelling)
Around 65% for plastic
concentrates
Jansen et al. (2013); Pretz et al.
(2010) a
MBT Trier (Germany),
experimental setup
4%: 3% polyoleﬁn
concentrate; 1% foil
plastics
Around 25% of polyoleﬁn
input
95e97% for both
polyoleﬁn concentrate
and foil plastics
Jansen et al. (2013),a MBT Barcelona (Spain); 1
plant (250.000 tpa)
2.8% plastic products Approx. 25% of plastics
in input
95% for PET; 80e90%
for HDPE; 65% foil
plastics and 75% for
mixed plastics
Martin (2011); Kluttig (2010) MBT Larnaka (Cyprus); 1
plant (200.000 tpa)
20% recyclables;
20% compost like output;
15% RDF
As % total output given
in Kluttig (2010)
Not given
Navarotto and Dominguez Llauro
(2012)
MBT Barcelona (Spain); 1
plant (300.000 tpa)
10% recyclables;
11% compost like output;
7% RDF
Table 9 in this article High (Table 10 in
this article)
Montejo et al. (2013) MBT Castilla y Leon (Spain); 8
plants (approx. 800.000 tpa)
2.5e13% recyclables;
around 25% compost like
output
Table 9 in the reference Not given
SWANA (2013) Dirty MRF California (US); 1 plant 22% recyclables;
48% organics before
composting
Not given Mentioned as lower
compared to separate
collection
Kessler Consulting Inc (2009),b Dirty MRF California (US); 4 plants 25e75% total diversion
from landﬁll
Not given Not given
R.W.Beck and Cascadia Consulting
Group (2006)b
Dirty MRF California (US); 21 plants 3e73% total diversion
from landﬁll
Not given Not given
a The plants described in the ﬁrst 4 entries recover in addition to plastics also othermaterials (e.g. ferrous and non-ferrousmetals, other recyclables, RDF), however, the cited
studies only analysed the recovery of plastics.
b To calculate the diversion from landﬁll rate in the US, the organics stream is counted before biological degradation losses (explaining the higher values of up to 70e75%).
Table 12
Cost parameters, in Euro per tonne of input at respective activity (from Van Velzen
et al., 2013a).
Activity Source separation Post-separation
Residual MSW PPW Mixed waste
Collection 72 181e580 (kerbside)
184e185 (bring
schemes)
56e82
Transport n.a. 7 (kerbside)
4 (bring schemes)
5e12
Separation (MBT
plant)
n.a. n.a. 220
Transfer stations n.a. 25 n.a.
Transport to plastic
sorting
n.a. 11e17 41e47
Plastic sorting plants n.a. 125 145
Transport to recycling n.a. 18e19 10e12
Recycling n.a. 90e230 100e250
Incineration tariff 88 88 88
n.a.: not applicable.
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environment (on the collection side of the system). On the other
side, this approach has attracted much legitimate criticism (espe-
cially the single-stream approach), and has resulted in long
standing polemics, mainly targeting product quality, economics,
and overall effect on recycling (Blanco et al., 2013; Kinsella, 2006;
Morawski, 2010).
6.1.1.1. The case for single-stream. The shift from mono-material
collection systems to commingled collection has been considered
one of the major threats to recovered paper quality in the US and
the UK (Kinsella, 2006; Miranda et al., 2013). The focal point has
been the content of unusable materials (contamination), i.e. content
of paper and board detrimental to production and non-paper
contaminants present in recovered paper. Non-paper components
consist of any foreign matter (e.g. metal, plastic, glass, textiles, food
waste and other organics, sand, etc.) which during processing in
paper mills, may cause damage to machines or interruptions to
production or may reduce the value of the ﬁnished product
(Miranda et al., 2011). Paper and board detrimental to production
are grades or constituents which are unsuitable for the
manufacturing process or the products thereof. In the case of
graphical papers, such materials are all grey packaging, telephone
books, coloured paper, envelopes and other items containing glues.
Contaminants found in the input to the mill are rejected by the
pulper and, therefore, constitute losses in process yield and also
imply additional waste management costs. Commingled collection
has been previously connected especially to an increase in non-
paper components (due to cross-contamination) and additionally
with higher moisture content, which implies costs to replace the
lower share of ﬁbres and is also the main factor leading to biode-
terioration of recovered paper during storage.
The study of Sacia and Simmons (2006) is often cited as a
representative example of the implications of changing feedstock
quality to a newsprint mill in the US. Before 2000, the mill had
received high quality recovered paper with less than 0.5%
contamination, whereas the quality began to steeply decline in the
following years as more of their suppliers started or shifted to
commingled collection. More recently (2008), with nearly 70% of
feedstock from commingled collection, the content of unusable
materials was reported as high as 18.4%, of which 3.4% were non-
paper components (Miranda et al., 2013). Some of the effects on
operation included an 8-fold increase of pulper rejects and similar
increase in ﬁbre replacement costs (due to necessity to buy addi-
tional feedstock), and more than 3-fold increase in maintenance-
related costs. Some other examples of publications that contrib-
uted over the years to the debate on quality in the US are Collins
(2012), Kinsella and Gleason (2003), Kinsella (2006), Morawski
(2010) and Tim Goodman and Associates (2006).
Both the US and the UK have seen a tendency to conscribe
products from commingled collection and mixed waste to export
markets due to low acceptance from the local recycling industry,
but also due to the high demand from Asian countries. The US
especially, is heavily reliant on export markets, and accounted by
far as the biggest exporter to China with around 8 million tonnes
recovered paper in 2005, a ﬁgure expected to increase to 27 million
by 2015 (Marley, 2007a). In 2006, the UK exported to overseas mills
4 million tonnes out of the 8.1 million tonnes total recovered waste
paper. Around 3 million tonnes were exported to the Far East. Ex-
ports included around 20% of the high grade paper and 80% of the
mixed paper grades sorted in the UK. Marley (2007a,b) linked the
expansion of commingled collection with the deteriorating quality
of waste paper streams in the UK (especially due to cross-
contamination in single-stream sorting), but went on to elaborate
that themain reason for this was the inefﬁciency of ﬁrst generation,
low-tech MRFs operating in the UK (around 2005). As a result UK
mills, in general, did not accept recovered paper from MRFs which
process glass, due to risks of machine damage.
Between 2000 and 2005, as it became the world's biggest
market for recovered paper, China began tightening quality re-
quirements for imports. Marley (2007b), explains that US opera-
tors, beneﬁting from considerable experience (3rde4th generation
MRFs), complied instantly with the new market requirements,
while the UK operators were confronted with difﬁculties. In the
same time period, WRAP UK dedicated several studies to MRFs in
the UK, and also developed a costing model which indicated that
50.000 to 80.000 tpa was the threshold for plant economies of
scale, which would permit investment in better technology and
subsequent improvements in product qualities (Graham, 2006;
WRAP, 2011b). WRAP found in 2005, that 81% of England's MRFs
were below this threshold (WRAP, 2006). This, however, has
changed signiﬁcantly until today, as the UK waste sector matured,
new investments favoured larger installations, using advanced
processing techniques, and which can ultimately take better
advantage of economies of scale (Eule, 2013).
In a recent research paper, Miranda et al. (2013) reported results
from two studies (between 2007 and 2009), where the quality of
incoming (imported) recovered paper to a large paper mill in Spain,
from commingled collection systems in the UK, was extensively
monitored. The ﬁrst study analysed typical qualities coming from a
variety of MRFs in the UK, while the second reﬂects qualities after
the supplier commissioned a high-tech plant based on the US
design (using star and disk screens as primary separation and glass
breaker screens to remove glass). The results on typical imports
from the UK displayed large variability in unusable material con-
tent, from 1% to 29%, with the average value at 11.9% (standard
deviation of 6.5%), which was to be expected. However, with
shipments from the new MRF, unusable material decreased to be-
tween <1% and 16.6%, with an average value of 8.1% (75% of samples
displayed values between 5% and 10%). These numbers were then
compared to other surveys on shipments received by mills in
mainland Europe from separate collection systems (typically
mono-material or commingled paper and cardboard collection),
where unusable material content varied from 1% to 7%.
The results of Miranda et al. (2013) are in agreement with efﬁ-
ciencies presented in Section 4.1.2., and conﬁrm that plant tech-
nology level can have a great inﬂuence on product quality. State-of-
the-art facilities can separate paper products with purities on the
same levels as that of streams coming from separate collection.
6.1.1.2. An additional perspective on material quality. Miranda et al.
(2011) demonstrated a clear statistical connection between paper
quality loss and increase in separate collection rates in Spain over
time, explained mainly by collection tapping into lower quality
sources (e.g. households). The authors monitored the quality of
different sources of recovered paper used as raw material by a
Spanish paper mill, during a 4 year period (2005e08), period
during which separate collection of paper increased in Spain from
58.5% to 68.6%. Overall results showed an increase in unusable
material content (as annual average) from 5.5 % to 8.7% over the
period. The change in quality was explained in the study by the
extension of separate collection systems, as early on households
represented only a minor part of the recovered paper supply which
was ﬁrmly tapping high quality sources such as service, commerce
and industry.
In this sense, Miranda et al. (2011) suggests that waste paper
from households inherently has a lower quality compared with
other sources. Of course, miss-sorting by households can be cor-
rected though information campaigns and similar approaches, and
quality typically should improve as collection systems mature.
Possible improvements, however, may be overturned by the
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gradual necessity to add more diverse and lower quality materials
to the separate collection, in order to reach higher collection rates.
This can in addition confuse citizens and promote even more miss-
sorting.
6.1.1.3. The fate of other materials. Although the above discussion
and cases focused on paper recovery, similar issues regarding glass
and plastic recycling have also been in focus and are delineated by
some of the referenced literature. On average, in single-stream
MRFs, below 50% of the glass input fraction is recovered in a
cullet product which is recycled to new glass packaging. The
remaining portion is recovered as mixed and ﬁne glass which is
typically used as construction aggregate, sandblast media, drainage
media or just landﬁll cover (Collins, 2012; Eule, 2013). If this frac-
tion would be subtracted, the total recovery efﬁciency of MRFs
would measure much lower. Mixed lightweight packaging (LVP)
and mixed plastic packaging waste (PPW) sorting plants, have been
criticized for the relatively low recovery yield of high quality
polymer products, which can be recycled to new packaging or
similar applications. The most advanced plants can only recover
four different polymers (PE, PP, PET and PS), however, plastic
packaging contains other polymers or blends (Christiani, 2011). Up
to 50% of the input to these plants might be recovered as a mixed
plastics fraction, which can only be used in low quality applications
(e.g. sound barriers, park benches etc.) after a process called
agglomeration (Van Velzen et al., 2013a; Van Velzen, 2014). Sig-
niﬁcant quantities of these mixed plastics are also used as RDF/SRF
for energy production. Similar mixed plastic fractions are produced
by single-stream and dual-stream plants if more plastic fractions
that PET and PE bottles are accepted in the commingled collection.
While the issue of glass recycling can be resolved by collecting glass
as a separate mono-material stream, plastic packaging even if
collected as a mono-stream can only be sorted with the same
limited efﬁciency.
6.1.2. Quality issues with material recovery from mixed/residual
MSW
Very little research has been dedicated to comparing the quality
of recyclable materials recovered by separate collectionwith that of
materials recovered by central sorting from mixed MSW. The large
scale tests performed in Germany, the practice and research ini-
tiatives in the Netherlands and, ﬁnally, the one example of a highly
mechanized MBT plant in Spain, all indicate that it is possible to
recover directly from mixed/residual MSW, recyclable materials of
a quality similar to that coming from separate collection systems
(such as LVP or PPW). The quality of potentially recyclable materials
in mixed MSW is mainly inﬂuenced by cross-contamination, which
is largely dependent on collection and storage time. These range
from 2 to 3 days in Southern Europe to two weeks or more in
Northern Europe. The high moisture content of residual MSW ap-
pears to affect plastics less, but is decisive for paper and cardboard,
which have a relatively high moisture absorption capacity that in
connexion with the presence of ﬁnes leads to surface contamina-
tion (Schmalbein and Pretz, 2011). Paper and cardboard is only
recovered in MBT plants in Southern Europe andmore efﬁciently in
the summer season. An operator in Cyprus reported 80% reduction
in available paper and cardboard for recovery in the input, during
winter, due to rainfall (Martin, 2011).
Any quality differences or perceptions, compared to materials
from separate collection, translate ﬁrst of all into market value
differences. In the Netherlands, the initial plastic concentrates
recovered in post-sorting have little or no market value. The
polymer products sorted from these concentrates are also sold for
lower prices than their counterparts coming from separate collec-
tion, even if compliant with DKR speciﬁcations. This is partly
because they are characterized by higher contamination and
moisture levels. Reprocessing companies already accept these
products, suggesting that their treatment is technically and
economically feasible. However, no information is accessible from
ﬁnal reprocessing companies on differences compared to plastics
originating from separate collection. Reprocessing to milled goods
(re-granulate) has been investigated by Jansen (2012), based on
pilot scale tests. His ﬁndings showed a slightly smaller process yield
and a higher material (washing agents and water) and energy
expenditure, correlating with the higher moisture and surface
contamination of the plastics. More recently, the quality in terms of
composition and mechanical properties, of plastics originating
from both recovery pathways was investigated by Luijsterburg and
Goossens (2014). They concluded that there were no observable
quality differences between the two recovery paths, however there
were signiﬁcant differences between recovered plastics and virgin
plastics.
In the Dutch beverage pilot project (Van Velzen et al., 2013b),
the net material content (61% for Attero and 60% for Omrin) of
recovered beverage cartons from MSW, that had been sorted to a
product that met the DKR 510 speciﬁcation, was comparable to the
net material content of separately collected beverage cartons
(57 ± 13%). There was, however, a subtle difference in the type of
impurities present on separate collected beverage cartons and on
post-sorted beverage cartons. In the separately collected group,
there are mostly product residues (organic waste) inside the
beverage cartons and some foreign materials on the exterior of the
beverage cartons, whereas on the post-sorted beverage cartons
there is also attached organic waste, sand, etc. on the exterior of the
beverage cartons. Organic waste in particular can form dark spots in
the paper, thereby potentially reducing its quality. Despite these
differences, and others described in Section 5.2.2., recycling plants
could accept beverage cartons from both types of recovery path-
ways, and produced corrugated board products with no quality
differences.
More importantly, there is a legal difference for both plastics
and beverage carton material recovered from mixed waste rather
than separate collection. Since, these materials have had contact
with mixed or residual MSW, the recycled plastic or paper ﬁbre
cannot be used for packages that have direct contact with food
products. This is, nonetheless, a smaller problem than would be
expected, since, except high grade PET, most plastic recovered from
LVP around Europe is not recycled to food packaging. Plastic recy-
cling in general, is less sensitive to product hygiene as the melting
process is performed at a higher temperature than the paper drying
process. Similarly to plastics, most recycled ﬁbres from beverage
cartons are used to make corrugated board, which also does not
come into contact with food. We can conclude, by pointing out the
need for more comprehensive quality assessments, as data
regarding materials recovered from MSW is up to date quite
limited.
6.2. The role of mixed waste sorting in achieving high recycling
targets
In July 2014, the European Commission adopted a legislative
proposal to renew recycling and other waste-related targets in the
Waste Framework Directive (2008/98/EC), the Landﬁll Directive
(1999/31/EC) and the Packaging and PackagingWaste Directive (94/
62/EC). The proposal is part of a bigger movement, aiming to turn
Europe into a circular economy, and boosting reuse and recycling is
seen as contributing to secure access to rawmaterials, creating jobs
and, therefore, economic growth. The main elements of the pro-
posal include: (1) increasing recycling of municipal waste to 70% by
2030; (2) increasing recycling of packaging waste to 80% by 2030,
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with speciﬁc material targets; and (3) phasing out landﬁlling of
non-treated municipal waste. According to a recent report by the
European Environment Agency (EEA), MSW recycling rates are
highest in Austria, with 63%, followed by Germany (62%) and
Belgium (58%) (Fischer et al., 2013). The UK (39%) and Ireland (36%)
are the countries whichmost dramatically increased recycling from
their 2001 levels of 12% and 11% respectively. Nevertheless, even for
the best performing countries today, the 2030 targets will most
likely present serious challenges to achieve.
Although the EU's waste legislation regarding MSW and pack-
aging waste clearly mandates source separation and separate
collection as the main recovery path, it still allows for alternative
schemes in which recyclable materials are sorted from residual
MSW. Separate collection has been widely successful throughout
Europe, however, the overall cost of systems, various local imple-
mentation issues, and in general the disappointing results from
urban areas in terms of responses and contamination levels, have
fuelled a continuous discussion on potential alternatives. Recovery
of recyclables from residual MSW contributes today signiﬁcantly to
the recycling rates of MSW and packaging waste in countries such
as Spain, France and Greece. This is supported by the availability of
signiﬁcant quantities of recyclables in residual MSW and climate
conditions which reduce cross-contamination effects. In Austria
this approach is used to supplement separate collection in four
large cities (for plastics), which display lower household partici-
pation in source separation programs. Around 10% of municipalities
in the Netherlands have chosen central sorting of residual MSW as
the main route to recovery of plastic packaging. Particularly in the
Netherlands, signiﬁcant research efforts and pilot projects were
dedicated to understanding the possibilities and role of mixed
waste sorting. The Dutch studies pointed out that kerbside collec-
tion can yield high response levels, however, these decrease and are
typically lower for urban areas (with predominantly multi-family
residences). Kerbside collection is also less feasible in trafﬁc-
congested areas and for high-rise buildings. “Post-separation” is
technically simple, requires less collection infrastructure and is
convenient for citizens (less bins). This last point also attracted
criticism, as many believe that separate collection is necessary
because it makes people aware of the impact of their waste, an
aspect also highly desired by policy makers. Nevertheless, the
beneﬁts of “post-sorting” seem to have been accepted in the
Netherlands, where a new framework treaty for packaging waste,
adopted in 2012 for the period 2013e2022, allows municipalities
freedom in their choice of system.
In US states where targets for recycling and landﬁll diversion are
established, residual waste sorting is also gaining some attention.
SWANA, the SolidWaste Association of North America, published in
2013 a report, containing the ﬁrst results of a larger initiative
aiming to analyse and compare the efﬁciency and feasibility of
source separation and mixed MSW sorting. The cities of Seattle and
San Jose, in California, were taken as cases. Both are committed to
high recycling targets, and display diversion rates (based on sepa-
rate collection) for single-family residences above 70% (around 30%
recyclables and 40% biowaste), but much lower for multi-family
areas. In Seattle the latter stands at 33% while in San Jose at only
19%. However, San Jose started in 2008 to send residual MSW from
multi-family residences to a newly refurbished central sorting fa-
cility. The facility encompasses two separate processing lines, i.e.
one to sort single-stream recyclables from separate collection, and
a second, based on dirty MFR design, recovers recyclables and
biodegradable materials for composting, from residual waste. The
design is synergetic, as the materials recovered from residual waste
are passed onto the ﬁrst sorting line, where they are reﬁned to
marketable quality. In this way, the study concludes, an additional
18% recyclables and 39% organics for composting are diverted from
multi-family residences, bringing the total diversion rate to 57%.
The authors mention that recyclables and compost from separate
collection are of higher quality compared to central sorting,
nevertheless, outputs from both systems are marketed for use.
To summarize, the main role of mixed and residual MSW sorting
may lay in supplementing source-separation and separate collec-
tion, in areas where for various reasons these systems are inefﬁ-
cient and/or less feasible. In the context of the newly proposed EU
recycling and landﬁll diversion targets, some Southern and Eastern
European countries may indeed consider building or expanding
MBT installations, with additional recovery of recyclables, as crucial
to achieving their goals. Urban areas, speciﬁcally, are expanding
rapidly around the world, and central sorting of mixed waste may
provide a feasible solution to materials recovery for recycling,
complementary or as a substitute to source separation.
7. Conclusions
The ﬁrst commingled collection schemes for dry recyclable
materials from households, appeared in Europe and North America
in the early 1980s. While they addressed many of the practical
limitations of separate collection, they also created the need for
specialized separation and sorting systems. Their subsequent rapid
expansion has sometimes been at the expense of material quality
when compared to mono-material stream collection, and has
resulted in a degree of dependency on export markets with rela-
tively low quality requirements, such as the Far East. Output ma-
terial quality, however, has always been dependent on a complex
set of factors, such as legal frameworks on recycling, accepted
market quality and market value, complementary to the gradual
development of sorting technology to the mature systems we ﬁnd
today.
Physical processing and sorting technology, described through
examples in this study, have reached a high level of maturity, and
competition-driven innovation has played a big role in that. Similar
to other production industries, economies of scale have driven a
concentration of waste processing capacity into larger plants,
which can beneﬁt from the latest technology, in sorting, automa-
tion and process control. From a technology perspective, many of
the quality issues linked to cross-contamination by commingling
have been successfully addressed and state-of-the-art plants are
able to produce consistently high quality products today. Never-
theless, substantial inefﬁciencies persist and the existing industry
average has much to improve in terms of operational efﬁciency.
One important remaining challenge is continuously changing
material compositions to be sorted, which requires a high degree of
process ﬂexibility and sometimes new sorting technology. Material
compositions change due to evolving patterns in consumption (e.g.
reduction of paper use), newmaterial use (e.g. bio-plastics) and not
lastly by changes in regulation frameworks (addition of new ma-
terials or products for recovery, e.g. textiles, small electronics).
Furthermore, as separate collection programmes expand and
become more efﬁcient, it is likely that a general decrease in ma-
terial quality of commingled streams will also ensue, due to the
addition of more problematic or low quality materials.
Recyclable materials, especially plastics and metals, are also
recovered from residual MSW complementary to source separation
schemes in some parts of Europe and North America. The quality of
these materials may be similar to that of materials from separate
collection, depending on the extent of cross-contamination with
other MSW residuals. Common differences include higher moisture
content and surface contamination. Nevertheless, such materials
are being traded on the secondary material markets and are recy-
cled. Central sorting of residual MSW proves especially relevant for
areas where source separation is difﬁcult, such as urban
C. Cimpan et al. / Journal of Environmental Management 156 (2015) 181e199 197
agglomerations, and could be applied either complementary to
source separation or substitute separate collection of certain ma-
terials, such as plastics and metals. However, important legal issues
remain, and social impacts (source separation behaviour) and
overall environmental and economic aspects lack extensive un-
derstanding, suggesting that central sorting of mixed MSW should
be the subject of more comprehensive research.
To conclude, central sorting systems have reached a high level of
technological development in the past 20e30 years, and have
opened or re-opened possibilities to rethink our material recovery
pathways. Considering increasing materials complexity, fast
growing urbanization which makes traditional collection systems
difﬁcult, and growing global needs for secondary raw materials,
central sorting is bound to play an even greater role in the future.
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a b s t r a c t
Simulation of technical and economic performance for materials recovery facilities (MRFs) is a basic
requirement for planning new, or evaluating existing, separate waste collection and recycling systems.
This study mitigates the current pervasive scarcity of data on process efﬁciency and costs by doc-
umenting typical steps taken in a techno-economic assessment of MRFs, using the speciﬁc example of
lightweight packaging waste (LWP) sorting in Germany. Thus, the study followed the steps of dimen-
sioning of buildings and equipment, calculation of processing costs and projections of revenues from
material sales and sorting residues disposal costs. Material ﬂows through the plants were simulated
considering both optimal process conditions and real or typical conditions characterised by downtime
and frequent operation at overcapacity.
By modelling four plants of progressively higher capacity (size) and technological level, the analysis
revealed the cost impact of economies of scale, as well as complementary relations linking capacity,
technology and process efﬁciency. Hence, within a fourfold increase in capacity (from 25,000 to
100,000 tonnes per year), the total capital investment was shown to triple from 7 to 21 million EUR and
the yearly operational expenditure grew by a factor of 2.4 from 2 to 4.7 million EUR. As a result, speciﬁc
unit processing cost decreased from 110 to 70 EUR/tonne. Material sales and disposal costs summed to
between a net cost of 25 EUR/tonne and net revenue of 50 EUR/tonne. Measured as total materials re-
covery, the difference between optimal and typical operation was approximately 15% points. The com-
plex nature of LWP waste combined with challenging processing conditions were identiﬁed as important
factors explaining the relatively low overall recovery efﬁciencies achieved in these plants.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Central sorting installations, in the form of different types of
material recovery facilities (MRFs), play a pivotal role in today's
integrated solid waste management systems (Cimpan et al., 2015).
Despite the high technical development and massive increase in
number of facilities across both Europe and North America in the
last 25 years, detailed studies on processing efﬁciency and eco-
nomic feasibility are extremely sparse in scientiﬁc literature. One of
the recognized barriers is the lack of access to economic data
(Tsilemou and Panagiotakopoulos, 2006). Nevertheless, such
studies are crucial in economic evaluations and planning of
separate collection and recycling programs (Bohm et al., 2010;
Chester et al., 2008; Tonjes and Mallikarjun, 2013).
Cost and process efﬁciency levels can be compiled through in-
dustry surveys if the goal is to evaluate already existing material
recovery systems or to establish sector-wide benchmarks. For
example, Tsilemou and Panagiotakopoulos (2006) and
Economopoulos (2010) applied statistical methods to cost data
compiled from various public sources and surveys to estimate
approximate cost functions and generate capacity-related cost
curves for different types of waste treatment facilities. They
revealed that different degrees of economies of scale are affecting
the costs of incineration plants, mechanical biological treatment
(MBT), and anaerobic digestion and composting plants. Nonethe-
less, in general, industry surveys and benchmarks for MRFs are
largely missing. A reason for this is the reduced degree of compa-
rability of facilities performing material recovery or sorting* Corresponding author. Tel.: þ45 24409882.
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operations in contrast to waste treatment approaches dedicated to
non-recyclable waste streams (e.g. waste-to-energy, MBT). This is
caused by the large variation in process design of MRF facilities and
types of waste processed.
In Europe, where Extended Producer Responsibility (EPR)
legislation, i.e. the Packaging and Packaging Waste Directive
(Directive 1994/62/EC), stipulates that the industry is responsible
for their packaging end-of-life, several questions have arisen: (1)
whether the industry is actually covering the costs of collection and
treatment/sorting; and (2) what is the actual cost incurred by these
operations. To answer these questions, recent research efforts
supported by the EU assessed the framework and system settings
present in seven European countries (da Cruz et al., 2012; da Cruz
et al., 2014; Marques et al., 2014a, 2014b; Rigamonti et al., 2015).
In this case, cost levels for sorting operations were compiled
through industry surveys and were published as the industry av-
erages in the different countries. These studies showed that sorting
costs represent 30e50% of the total system cost of packaging waste
management. A striking side-aspect during this endeavour was that
details on the costs incurred by the industry could not be retrieved
in the case of Germany, which was mainly due to competition
conﬁdentiality.
Industry survey data has the ability to capture overall trends, but
has little potential in offering insight into the breakdown of
different costs and relations between the technologies employed
and process efﬁciency (e.g. manual vs. automatic sorting). In this
regard, more in-depth techno-economic analyses are necessary
and, if the goal is to establish how a system or plant can be opti-
mized or if new systems have to be designed, they would typically
involve bottom-up simulation of processes and costs. However,
economic data used in the planning and design phases of waste
treatment plants is commercially sensitive and almost entirely
beyond the reach of academics. When economic data is found in
scientiﬁc literature, it is often case-speciﬁc and/or limited infor-
mation is provided on the methods used for cost accounting (e.g.
capital recovery periods, interest rates, and inclusion of taxes). For
example, mass balancemodels incorporating cost calculationswere
developed by Armeftis et al. (2006) and by Tsilemou and
Panagiotakopoulos (2007) for MBT plants. According to the au-
thors, these models could dimension a typical plant conﬁguration
to expected waste input and could return quantities for products
and sorting residues, as well as predict capital investment and
annual operating costs as a function of plant capacity. Although the
authors brieﬂy described the models in their work, only frag-
mented cost data and modelling parameters were documented.
Additionally, a small number of studies concerning MFRs have also
been published. Some examples of case-speciﬁc studies from the
US are Chang et al. (2005), which analysed the optimal design of a
mixed MSW MRF, and the study by Franchetti (2009), who inves-
tigated the feasibility of building a single-stream MRF. Athanassiou
and Zabaniotou (2008) investigated the feasibility of building a
sorting plant for dry source-separated recyclables in the city of
Pafos (Greece), based on estimated costs and revenues. Pressley
et al. (2015) developed a spreadsheet model able to estimate
costs and mass transfers through four generic types of MRF, pro-
cessing: (1) single-stream; (2) mixed municipal waste; (3) dual-
stream and (4) pre-sorted recyclables. The latter model boasted
dynamic aspects, i.e. reaction to waste composition and process
ﬂow changes, however, the results cannot be linked to plant ca-
pacities, and it is not clear if economies of scale can be reﬂected in
the simulations. Finally, the United Kingdom's (UK) Waste & Re-
sources Action Programme (WRAP) released in 2006 a costing
model to be used by local authorities to understand the relative
costs differences between single-stream and dual-stream MRFs
(Graham, 2006). This model retrieved annualized capital and
operational costs for plants of four progressive capacities, i.e. 10, 25,
50 and 85,000 tonnes/year and, thus, showed occurring economies
of scale. However, the model has not been updated and, thus, re-
ﬂects only early plant designs, i.e. manual sorting intensive.
The work presented here addressed the scarcity of detailed
techno-economic analyses of MRFs, and in particular the general
absence of publications on MRFs processing commingled light-
weight packaging waste (LWP). LWP, and variations of it, is sepa-
rately collected in many European countries, which follow the EPR
prototype ﬁrst established in Germany in the 1990s. The model and
assessment reported herein document unpublished data on process
and economic efﬁciency of German sorting facilities, the develop-
ment of which has been fundamental in shaping MRF design
around the world, but has been granted little scientiﬁc attention.
The research assessed the signiﬁcance of economies of scale in such
plants and tackled operational practice as a means of explaining
why there are, many times, great discrepancies between expected
designed process efﬁciency and real-life experience with MRF
operation.
2. Materials and methods
This assessment was based on commonly employed technical
and economic planning methods and has developed into a
spreadsheet-based cost estimation model, which supports detailed
cost calculations for MRFs sorting LWP waste. The model structure
basis for process and economic calculations is presented in the
following sections.
2.1. Lightweight packaging waste (LWP)
LWPwaste in Germany is amaterial mixturewith a high content
of plastics (around 50%) consisting of a mix of different packaging
polymers, ferrous and non-ferrous metals, a fraction of paper and
cardboard packaging, aseptic containers (beverage cartons) and
other composite packaging (see Table 6). Miss-sorting or contam-
ination levels vary considerably across collection areas, ranging
from 5% to as much as 50% of the collected waste, averaging around
20% for the entire country.
The approximate 2.25 million tonnes collected each year from
households in yellow bins or sacks, are sorted in less than 100 in-
stallations, with almost 90% of the total amount being processed in
less than 50 plants (Bünemann et al., 2011). Owing to more than 20
years of development, German LWPMRFs have reached a high level
of standardization in process design (Christiani, 2009; Cimpan
et al., 2015). Nevertheless, existing plants in Germany still span
from small capacity and basic process technology to very large and
advanced (mostly automatic) processes. The most complex plants
can sort up to four different plastic polymers, PE (foils and con-
tainers), PP, PET and PS, the so called ‘standard packaging poly-
mers’, which make up 70%e85% of the plastic content.
2.2. Model structure and modelled MRFs
The structure of this work followed in sequence typical facility
planning steps: (1) deﬁnition of main plant requirements, waste
input characteristics and core process ﬂowchart; (2) sizing of in-
stallations and buildings on the basis of (1); (3) calculation of
capital and operational costs (the cost estimation model); and (4)
estimation of material transfers through the plant and costs/reve-
nues related to plant outputs.
MRFs are industrial plants which can have signiﬁcantly different
process layouts. Nevertheless, different sections or modules in the
plants can be identiﬁed to have a standard main function. On the
basis of this main function, ﬁve main technical sections were
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identiﬁed and used to structure the facility sizing exercise and
subsequent costing model:
- Feeding and pre-conditioning: this section consists of reception
(unloading), storage of input materials and input feeding and
pre-conditioning processes, such as bag opening and/or size
reduction;
- Conditioning: this section consists of processes aimed at pre-
paring the material ﬂow for sorting, such as sieving steps, bal-
listic separation and air classiﬁcation;
- Sorting: this section consists of primary sorting processes, which
ﬁrst separate the material groups or types that will constitute
the outputs of the plant;
- Reﬁning: this section consists of additional sorting steps, which
have the target of bringing material output quality to market
requirements. Quality control is performed by mechanical pro-
cessing or negative manual sorting;
- Product handling: this section consists of balling processes,
product storage as bales, loose material (sorting residues) or in
containers (metals), and includes loadingoperations forproducts
and residue streams to be delivered to downstream processors.
Each section has allocated its associated building needs, unit
processes and personnel. However, a number of processes and
personnel could not be allocated to the ﬁve sections and were
assigned to an Unassigned section. This section contains the de-
dusting and air cleaning system for the entire processing area
and transformer units (electricity input to the plant).
In order to evaluate the extent and relevance of economies of
scale, four generic plants were modelled, with progressive capac-
ities from 25,000 to 100,000 tonnes/year. This capacity range and
speciﬁc technology levels used in the model reﬂect well plants
operating in Germany. The main process parameters for the four
plantsmodelled in this study are presented in Table 1, while process
ﬂow diagrams can be found the Supporting Data ﬁle adjacent to
this article. In short, the four plants are:
- The Basic plante relatively low capacity, only essential material
conditioning steps (sieving and air classiﬁcation), heavily reliant
on manual sorting;
- The Medium plant e intermediate capacity, comprehensive
conditioning (several sieving steps, air classiﬁcation and ballistic
separation), both automatic and manual sorting, mostly manual
product quality control;
- The Medium plus plant e process ﬂow almost identical to the
Medium plant (more extensive plastic sorting), the additional
capacity is added by running the plant in 3 shifts;
- The Advanced plant e high capacity, state-of-the-art process
design and technology, almost entirely based on automatic
sorting, both automatic and manual product quality control.
2.3. Sizing of installations and buildings
The process ﬂow charts or process conﬁguration for each
plant were designed based on required processing capacity,
waste input characteristics and intended output products. In
terms of processing capacity, the plants were conﬁgured with a
ﬂexibility factor of 30%, i.e. 30% additional capacity. Equipment
choice was based on existing plants. Dimensioning of equipment
considered material throughput, expressed as volume per hour
(m3/h).
The building size requirements for each section of the plant
were calculated based on the number of sorting lines, equipment
layout and equipment footprint, considering also space required for
maintenance. The hall height was 10 m. Besides the equipment
area, the calculation of building area for reception, input storage
and feeding (in the Feeding and pre-conditioning section), and
respectively, product storage and loading areas (in the Product
handling section) were given particular attention. Lastly, the
outside (around buildings) logistic area was estimated as being
equal to the inside built area.
2.3.1. Reception, storage and feeding area
Collected LWP waste is hauled to the MRFs either directly after
collection, in collection trucks, or after intermediary storage in
transfer stations, in long-haul trucks. In this study, it was assumed
that waste quantities up to 25,000 tonnes/year are received directly
from collection, while quantities above 25,000 tonnes/year are
received after collection and transfer operations by means of long-
haul trucks.
The reception area is then dimensioned based on the number of
trucks expected at peak hour. This maximum unloading capacity is
deemed at 30% of the daily processing capacity. Truck capacity was
ﬁxed at 5 tonnes for collection trucks and 18 tonnes for long-haul
trucks. The maximum number of necessary truck unloading
spaces was calculated considering a typical unloading time of
20 min per truck, or 3 trucks per hour. The area required for one
unloading space was two times the typical footprint of a truck, here
considered at 50 m2.
The storage area was calculated based on two days capacity plus
the added ﬂexibility factor (i.e. 30%). The ﬂexibility factor was not
necessary for the Medium þ and Advanced plants, as much better
stock management is achieved through the use of transfer stations.
The storage capacity was then converted from tonnes to m3, using
the LWP waste bulk density of 50 kg/m3. The necessary ﬂoor area
was then calculated considering that the input material is stored in
an open pile with an average height of 4 m.
The feeding area or logistic area for the wheel loader was esti-
mated at 50% of the storage area, for the Basic and Medium plants,
and 30% for the Medium þ and Advanced plants.
2.3.2. Processing areas
The space required for processing halls was determined based
on the process ﬂow diagram of each plant and a logical placing and
orientation of equipment for each processing line. To determine the
total footprint of equipment, the unit area footprints given in
Table 2 were used. The number of process lines and associated
processing equipment is listed in Table 3 (a much more detailed
table is given in the Supporting Data ﬁle).
The area of sorting cabins was determined based on the number
of sorting lines (conveyors) converging in a cabin. The volume of
the sorting cabins considered a height of 3 m. A generic example of
design for the ﬂoor area of a sorting cabin with three manual
quality control lines is given in Fig. 1.
Table 1
Main MRF parameters.
Speciﬁcations Basic Medium Medium
plus
Advanced
Planned
processing
capacity
tonnes/
year
25,000 50,000 75,000 100,000
Working days days/year 250 250 250 250
Shifts/Hours
per shift
shifts/day;
hours/shift
2; 8 2; 8 3; 8 3; 8
Operational
hours
hours/year 4000 4000 6000 6000
Plastic sorting
products
e Foil plastics,
Mixed hard
plastics
Foil plastics,
PE, PP, PET
Foil plastics,
PE, PP, PET,
PS
Foil plastics,
PE, PP, PET,
PS, PET
bottles
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2.3.3. Output storage areas
Outputs are stored as loose material in containers (metals), as
bales (plastics, beverage cartons and paper/card) or as loose ma-
terials in a pile (sorting residues). The storage capacity for bales was
calculated for 10 days, while sorting residues capacity was calcu-
lated for 2 days. Bales and sorting residues are stored in low-tech
tent halls.
2.4. Cost estimation model
Subsequent to establishing the technical layout and sizing of the
process facilities, the four plants were assessed based on economic
criteria. The method used was budget-based economic analysis,
whereby only direct ﬁnancial costs and beneﬁts were accounted.
The analysis precludes taxes, subsidies and revenues from gate fees
(based on contracts with the Dual Systems). The cost categories
includedwere: (1) speciﬁc processing costs (these relate only to the
facility); (2) costs of output management (revenues/disposal cost);
and (3) transfer and long distance transport for the supply of LWP.
Costs related to plant administration were not accounted beyond
direct operational management. As such, the results of this study
shed light/make transparent the base cost structures governing the
running of LWP MRFs.
The speciﬁc cost or SC (EUR/tonne) to process LWP in the four
facilities was calculated by accounting for investment cost (IC),
annualized capital expenditure (Capex) and operational expendi-
ture (Opex). The equations utilised to calculate SC were:
SC ¼ ðCapexþ OpexÞ=OP (1)
Capex ¼ IC*CRFþ UC (2)
CRF ¼ i*ð1þ iÞnð1þ iÞn  1 (3)
where: OP is the operational capacity per year, UC are unforeseen
annual cost related to capital and CRF denotes capital recovery
factors, which are calculated by using i, representing the interest
rate of borrowing capital (a constant 5% annual rate was used as a
default value) and n, representing the life time of assets [here 20
years was used for buildings, 10 years for processing equipment (7
years for three shift operation) and 5 years for mobile equipment].
Table 2
Area footprint for processing equipment (authors own qualiﬁed estimation).
Equipment Area footprint (m2)
Bag opener and volumetric feeding 100
Trommel screen (2 sections) 150
Trommel screen (1 sections) 120
Air classiﬁer (light fraction separation) 25
Generic sorting equipment including
conveyor for gaining height
90
Polymer sorting block 75
Baler including intermediary space 250
Bunker belt including intermediary space 25
Fig. 1. Dimensioning of a sorting cabin with three lines and 6 pickers, the horizontal
conveyor illustrates the transport band under the ﬂoor for removed contamination. All
values are in metres.
Table 3
Processing lines (“mm” denote size fractions after screening), type and number of processing equipment per MRF section.
Plant section Equipment category Equipment type Basic Medium/Medium plus Advanced
Number of processing lines 3 (>220 mm,
50e220, <50)
4 (>220 mm, 140e220,
50e140, <50)
5 (>220 mm, 140e220,
60e140, 20e60, <20)
Feeding and pre-conditioning Processing equipment Feeding equipment Screw feeder
(including bunker)
Screw feeder
(including bunker)
Shredder and screw feeder
Conveyors 1 3 3
Mobile
equipment
Wheel loader 1 1 1
Polyp excavator e e 1
Conditioning Processing equipment Screening 1 3 (2 trommel
screens þ ﬂatbed sieve)
3 (2 trommel
screens þ ﬂatbed sieve)
Air classiﬁer 1 2 3
Ballistic separator e 1 1
Conveyors 5 12 16
Sorting Processing equipment Magnetic separators 2 3 4
Eddy current 2 2 3
NIR sorter 2 8/9 11
Conveyors 14 26/28 37
Manual sorting
(pickers)
4 2 2
Reﬁning Processing equipment Air classiﬁer e e 3
NIR sorter e e 5
Conveyors 2 4 12
Manual quality
control (pickers)
5 12/13 7
Product handling Processing equipment Ballers 1 1 2
Conveyors 7 9/10 14
Mobile
equipment
Polyp excavator 1 1 1
Forklift 1 1 2
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2.4.1. Investments
Investment cost (IC) comprises construction of buildings
(including output storage), outside logistic area and equipment
costs. The base costs used were mainly grounded in records of
speciﬁc facilities construction and project experience made avail-
able by the Department of Processing and Recycling (I.A.R.) at
RWTH Aachen University (for the reference year 2012). Land
acquisition costs, as well as taxes and permits were not included in
the scope of the present study, as these can vary considerably
depending on location. Project costs and equipment installation
costs were added and represent 3%, and respectively 8% of the total
investment. Unforeseen costs were added as a factor of 10% of the
total investment.
After the calculation of the built area requirements was per-
formed, the construction costs were determined by using speciﬁc
unit construction costs: 500 EUR/m2 for the processing hall,
600 EUR/m2 for sorting cabins, 250 EUR/m2 for output storage tents
and 130 EUR/m2 for outside logistic areas.
Detailed price data and descriptions (throughput, power con-
sumption) for processing and mobile equipment used in the cost
calculations are provided in the Supporting Data ﬁle. The methods
used to calculate additional investment costs with air circulation,
dust removal and compressed air units are presented in section
2.4.2.
2.4.2. Operational expenditure
Operational expenditure (Opex) comprises cost of labour, utili-
ties (electricity and fuel), repair/maintenance costs and insurance.
The cost of labour was calculated considering the hourly salary
levels presented in Table 4, number of working hours per month
(167 h) and a reserve factor of 20%. Maintenance was added as a
ﬁxed percentage of the capital investment cost in the amount of
0.5% for buildings, 3% for processing equipment and 8% for mobile
equipment. Insurance represented 0.7% of the capital investment
cost.
The costs of utilities consumption for equipment, i.e. electricity
(0.16 EUR/kWh) and diesel fuel (l.25 EUR/L) used per year, were
calculated, in general, considering power demand, the number of
working hours in Table 1 (with the application of a time use factor
of 75%) and load factors (80% for processing equipment and 50% for
mobile equipment). Consumption of electricity for lighting the
process halls and sorting cabins was calculated using the unit po-
wer demand of 10Wh/m2 (time use factor of 50%), and respectively
5 kW/m2 (time use factor of 95%).
Equipment such as air classiﬁers and NIR sorters require high
amounts of air circulation and, respectively, compressed air. For
these types of process equipment additional air circulation and
compressor units had to be designed, with the right dimensioning
being the results of more complex computation. Both investment
costs (used in Capex calculations) and utility consumption (elec-
tricity) are dependent on the amount of air moved or compressed
air consumed. In the case of air classiﬁers, the need for air circu-
lation (m3/h) was determined on the basis of material ﬂow passing
the classiﬁer (kg) and considering a generic air load factor of 1.5 kg/
m3. Equipment investment was then calculated using a default
value of 5 EUR/m3*h and the power demand was calculated with
0.002 kW/m3. For NIR sorters, a default consumption of com-
pressed air was set at 3 m3/min per NIR unit. Investment in air
compression units was then calculated based on the unit cost of
10,000 EUR/m3*min and power demand for compressed air was
based on the unit of 7 kW/m3*min. Finally, electricity consumption
considered the total time of operation and load factors used for all
other equipment.
Sorting cabins entail relatively high utility cost due to lighting,
aeration and air conditioning. Investment for aeration and air con-
ditioning units were calculated with a default unit cost of 30 EUR/
m3*h. The unit cost was multiplied with the volume of the sorting
cabin (calculated in the sizing section of themodel) and the number
of times the air is changed per hour, i.e. 20 times. Electricity con-
sumption was calculated with the default parameter 0.002 kW/m3.
Dust removal constitutes another critical issue in LWP waste
sorting, as an efﬁcient system is necessary in order to minimize ﬁre
hazards. Investment was related to the volume of air (i.e. volume of
the process halls) that is changed and, therefore, a unit cost of
5 EUR/m3 was used. Electricity consumption was calculated with
the same 0.002 kW/m3, considering a rate for change of the air of
two times per hour.
2.4.3. Revenues and disposal costs
The Duales System Deutschland GmbH (DSD), which until 2004
was responsible for managing the total LWP waste collected in
Germany, established the Deutsche Gesellschaft für Kreislaufwirt-
schaft und Rohstoffe mbH or shortly DKR, to centrally organise the
transfer of the sorted materials from the sorting facilities to recy-
cling facilities. After the market was opened to other dual systems,
DSD retained the highest market sharewith around 50%, and DKR, a
subsidiary of DSD, is still one of Europe's largest commodity
traders.
In general, it is relatively hard to establish price ranges for the
different materials recovered in LWP MRFs. The main reasons for
this are, on the one hand, the lack of access to real price data (‘trade
secret’) and, on the other hand, the large differences between the
prices that these materials command compared to secondary ma-
terials commodity prices found in databases provided by, for
example, EUWID (Europ€aischer Wirtschaftsdienst GmbH). More
precisely, most of the times, LWP waste sorting outputs do not ﬁt
Table 4
Position and number of employees per MRF.
Position Rate (V/h) Basic plant Medium plant Medium plus plant Advanced plant
Per day Per shift Total Per day Per shift Total Per day Per shift Total Per day Per shift Total
Plant manager 42 1 e 1 1 e 1 1 e 1 1 e 1
Shift leader 28 e 1 2 e 1 2 e 1 3 e 1 3
Electrician 25 1 e 1 e 1 2 e 1 3 e 1 3
Mechanic 25 1 e 1 e 1 2 e 1 3 e 1 3
Manual picker 14 e 9 18 e 14 28 e 15 45 e 9 27
Unskilled cleaner 14 1 e 1 e 1 2 e 1 3 e 1 3
Driver (wheel loader) 21 e 1 2 e 1 2 e 1 3 e 1 3
Driver (forklift) 21 e 1 2 1 1 3 1 1 4 1 1 4
Driver (polyp excavator) 21 e e e 1 e 1 1 e 1 1 1 4
Baler operator 21 e 1 2 1 e 1 1 e 1 e 1 3
Total number employees 30 44 67 54
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commonly deﬁned secondary materials qualities. In this study, a
combination of data from EUWID (averaged for 2014 and the
beginning of 2015), plasticker.de and general industry knowledge
were used to estimate a lower and upper price range for material
outputs (Table 5). Some outputs have no real market value, such as
beverage cartons and mixed plastics (mixed plastics can also have
negative prices), while sorting residues must be incinerated and,
therefore, entail a substantial negative price. The latter was taken as
an average incineration gate fee considering the different regions of
Germany.
2.4.4. Transfer and long distance transport
With an average generation rate of approximately 30 kg/
inhabitant per year, a catchment area with around 800,000 in-
habitants is necessary to provide the LWP waste input for the Basic
plant, whereas for the Advanced plant, a catchment area of over 3
million inhabitants is required. For high capacity plants this means
that additional costs with transfer stations and long distance
transport become important factors in the economy of sorting.
Nevertheless, making use of intermediary storage capacities in
transfer stations also brings beneﬁts. By applying the supply chain
concept of “just in time” delivery, very large plants can reduce their
reception and input storage areas, while at the same time, ensuring
a more constant supply of waste. The former has been used in the
building sizing of the Medium þ and Advanced plants.
To evaluate if potential economies of scale connected to larger
plants are upset by additional transfer and transport costs, a
realistic high and a low cost level for transfer and long distance
transport was calculated in the model. A high cost level for
transfer operations (25 EUR/tonne transferred) was based on the
Dutch study of Van Velzen et al. (2013), which reported costs for
plastic packaging waste collection, transfer and long distance
transport from the Netherlands to sorting plants in Germany. The
low level for transfer operations (5 EUR/tonne transferred) was
based on unpublished market information reﬂecting German tar-
iffs. Long distance transport costs were calculated on the basic
assumption of increasing distances, correlated with increasing
catchment area. A crucial parameter in the calculation was the
total cost per day (9 h shift) to operate a long-haul truck
(18 tonnes per load), which was set at 550 EUR. The number of
truck loads that can be delivered per day could then be related to
distance by estimating a loading/unloading time of 1 h, and
driving times of 1, 2 and 3 h for transport of LWP >25,000 and
50,000 tonnes/year, >50,000 and 75,000 tonnes/year and,
respectively for transport of LWP >75,000 and 100,000 tonnes/
year. This ﬁnally translates into speciﬁc long distance transport
costs of 8, 10 and 15 EUR/tonne for the three distance levels. The
high and low level transfer costs were then added to the calcu-
lated long distance transport cost.
2.5. Mass balance simulation
Mass throughput was calculated using waste input character-
istics, such as material composition, particle size distributions and
material densities (Beyer and Pretz, 2004). The material input
composition of average LWP waste collected in Germany is pre-
sented in Table 6, together with material speciﬁc sorting efﬁ-
ciencies. Two sets of sorting efﬁciencies are given, namely one for
operation under optimal parameters (designed operation) and one
for operation under overload conditions. The material speciﬁc
sorting rates reﬂect overall plant efﬁciency and not the efﬁciency of
a certain unit process. The total quantity of an output (product) was
calculated by combining the material speciﬁc sorting rates and the
values of acceptable contamination according to the DKR quality
requirements (Cimpan et al., 2015).
2.5.1. Operational conditions
In Germany, sorting plant operators are awarded short term
supply contracts of three years. This is not unique and also occurs in
other European countries. However, this results in a high pressure
on operators to secure a large supply and leaves little room for long-
term planning. In these conditions, some operators manage to
secure feedstock quantities larger than available processing ca-
pacity, while others may not be able to ﬁll their capacity entirely. In
the former case, during processing, sorting efﬁciencies are some-
times sacriﬁced in order to process more materials. Running above
designed capacity can also be the result of poor plant design,
disrespect for routine maintenance and cleaning work (also com-
mon), which lead to a variety of technical problems and inevitable
downtime. In this study, simulating “real” operation in order to
evaluate possible effects on output and, therefore, on possible
revenues, was given a great importance. Real-life operational con-
ditions were simulated by assuming that 70% of the material input
is processed in as designed conditions, while the remaining 30% is
processed in overcapacity conditions, characterized by a drop of
50% in sorting efﬁciencies. The quality of output products is
considered equal for both cases, because operators largely strive to
comply with quality requirements in order to avoid penalties or
having their shipments returned.
3. Results and discussion
3.1. Main costing results
The resulting make up of speciﬁc processing costs (EUR/tonne
LWP) for the four modelled MRFs is illustrated in Fig. 2(A), while
capital investment elements and yearly total capital and opera-
tional costs are detailed in Table 7. The speciﬁc processing costs in
Fig. 2(A) do not account for costs with LWP waste supply (transfer
and transport) and output management, as these will be analysed
in more detail in following sections.
The results for speciﬁc processing costs suggest that economy of
scale effects do materialize in LWP MRFs, as shown by the cost of
sorting one tonne of LWP which decreased from 110 EUR in the
small capacity Basic plant to 70 EUR in the large capacity Advanced
plant. Economies of scale for LWP MRFs appear moderate, when
compared to the cost curves derived by Tsilemou and
Panagiotakopoulos (2006) and Economopoulos (2010) for other
types of waste treatment, such as waste incineration, anaerobic
digestion, MBT and landﬁlling. However, this is due to the fact that
very small MRFs (capacity <25,000 tonnes/year) were notmodelled
in this work. If, for example, the Basic plant in the model is set to
run in one shift, thus reducing the yearly capacity to 12,500 tonnes,
the ensuing speciﬁc processing cost increases to around 150 EUR/
tonne. These results suggest that from a cost perspective the
Table 5
MRF outputs and market values.
Output Low level prices
(EUR/tonne)
High level prices
(EUR/tonne)
Plastic foils > A4 50 150
Large plastic containers/
HDPE coloured
190 240
Paper/Card and composites 30 60
FE-metals 140 175
NF-metals 300 470
Beverage cartons 0 0
PET bottles 120 180
Standard packaging polymers
(PP, PE, PS, PET)
100 120
Mixed plastics (MPS) 30 0
Sorting residues 90 50
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practical optimal capacity level for LWPMRFs, i.e. the capacity level
after which cost savings become minor, occurs around
50,000 tonnes/year.
The speciﬁc processing costs derived in this study were in
relative good agreement with the two examples given in
Bünemann et al. (2011) for plants with capacity of 40,000 tonnes/
year (speciﬁc cost of 101 EUR/tonne) and 60,000 tonnes/year
(speciﬁc costs of 87 EUR/tonne). The German Federal Environment
Agency (UBA) had reported that the average cost for sorting LWP
waste was 150 EUR/tonne in 2007, which is to be understood as an
average gate fee. However, more recent information (early 2012)
put the average market price of sorting at 80 EUR/tonne, without
accounting the disposal of sorting residues (Cantner et al., 2011;
Marques et al., 2012).
Packaging waste collection schemes vary considerably around
Europe, but all include streams of commingled materials. The early
implementation and fast development of LWP waste sorting in
Germany (since 1990) has also inﬂuenced signiﬁcantly later sys-
tems. The speciﬁc costs calculated for German plants can be
compared to values reported in other countries for the sorting of
commingled packaging. In France, this was reported to be, on
average, 163 EUR/tonne in 2013, with 50% of the 112 surveyed sites
falling between 120 and 200 EUR/tonne (Cabaret and Follet, 2013).
The costs reported by Cabaret and Follet (2013) included disposal of
sorting residues. Based on a survey from 2010 of 25 plants by
Andretta (2010), the cost of sorting commingled packaging waste
streams in Italy was reported to vary between 41 and 160 EUR/
tonne, with a median of 82 EUR/tonne (without the inclusion of
disposal costs and revenues from material sales). The average cost
for sorting LWP waste collected in Belgium (called PMD and
composed solely of plastics, metals and drink cartons) seems to be
higher than in the other countries mentioned here, at around 180
EUR/tonne (Marques et al., 2014b).
Fig. 3 illustrates the relative % cost contribution of each of the six
sections of the MRFs to the total Capex and Opex. This enables the
viewer to establish which parts of a plant were capital intensive or
operation cost intensive, and how this varied with increasing plant
capacity. As can be observed, Capex in the Basic plant was almost
equally distributed between the input side of the plant, sorting and
product handling, while reﬁning grew to an equal share with the
others in the Opex distribution. This reﬂects the importance of costs
related to man power and is similar for all plants (costs for
personnel in Table 7). For the other three plants, the Capex share
corresponding to plant input and product handling decreased with
growing capacity, conditioningwas relatively constant at 12e14% of
costs, while sorting took the share of approximately 35%. For the
Advanced plant, material reﬁning also contributed with a signiﬁ-
cant 14%, reﬂecting the high capital demand of automatic quality
control. Unassigned costs (the section created for costs that could
not be attributed to one of the other sections) contributed a con-
stant 20% share of the Opex, especially through personnel costs. For
all plants, the Opex share of Reﬁningwas the largest, peaking at 41%
for the Medium plus plant, which employs the largest number of
manual pickers.
3.2. Material sale and disposal costs
Fig. 2(B) illustrates how output management (revenues from
material sales and disposal costs) affected the speciﬁc processing
costs discussed in the previous section. As presented in section
2.4.3, a range of market prices was established for each plant
output, in order to reﬂect the high variability and volatility of
Table 6
Input waste material composition and recovery efﬁciencies (DO e designed operation; TO e typical operation).
Input LWP (wt.%) Basic plant Medium plants Advanced plant
DO (wt.%) TO (wt.%) DO (wt.%) TO (wt.%) DO (wt.%) TO (wt.%)
Plastic foils > A4 8 50 25 60 30 70 35
Large plastic containers 2 70 35 83 42 95 48
Paper/Card and composites 8 50 25 60 30 70 35
FE-metals 12 80 40 88 44 95 48
NF-metals 5 60 30 70 35 80 40
Beverage cartons 8 70 35 78 39 85 43
PET bottles 2 e e e e 80 40
Standard packaging polymers (PP, PE, PS, PET) 22 e e 54 (PS)
41 in MPS
27 (PS)
21 in MPS
54
41 in MPS
27
21 in MPS
Mixed plastics (MPS) 16 65 33 73 37 80 40
Contamination/miss sorting 18
Fig. 2. (A) Speciﬁc costs: Capex, Opex and Capex þ Opex; (B) Net processing costs considering low and high revenue levels.
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material markets and also waste disposal costs. The lower/blue
band (in the web version) in Fig. 2(B) illustrates the interval of
variation for costs/beneﬁts pertaining to output management, with
the lower and higher border lines reﬂecting the low and high price
levels (Table 5). The higher/green band (in the web version) illus-
trates the interval of variation induced by the output management
on the calculated net costs (net cost ¼ speciﬁc processing
cost  output management). The lines connecting the plant ca-
pacity points should not be understood as suggesting that there is a
linear relation governing cost results within capacity intervals,
instead they should be taken only as a generic illustration of the
possible variation.
One stark conclusion that can be drawn from the results in
Fig. 2(B) is that LWP MRFs always incur net costs when solely the
income of material sales is accounted. This net cost then has to be
balanced by income from gate fees.
The contribution of each material output (EUR/tonne LWP pro-
cessed) to the cost-beneﬁt balance of output management is pre-
sented in Fig. 4, detailing the difference between high and low price
levels. These results show the large negative contribution that
disposal costs inﬂicted in all cases, but especially for the Basic plant
where sorting residue constituted approximately 50% of the total
output of the sorting process. The main positive contribution to the
balance was added by the sale of metals and plastics (especially
sorted standard polymers).
The cost-beneﬁt balance of output management reﬂects the
importance of product diversiﬁcation, which typically increases
with larger plant size. Due to economies of scale, larger operators
can invest more in sorting equipment and produce a larger variety
of valuable products. Large operators also tend to implement the
latest technology upgrades, such as advances in process control and
automated sorting. In fact, a signiﬁcant share of technological ad-
vances is a direct result of ﬁeld research happening in these plants.
3.3. Effects related to operational conditions
Transfer of mass through the four MRFs was simulated under
optimal process conditions (designed operation) and typical con-
ditions (a mix of 70% designed operation and 30% overload opera-
tion). The results, expressed as total material recovery in products,
are presented in Fig. 5(B). The modelling results point to a recovery
difference of around 15% points for all plants when changing from
optimal conditions to conditions deﬁned as typical. The large re-
covery rate differences spanning from the Basic plant to the
Advanced plant are explained by process sorting efﬁciencies.
Sorting efﬁciencies have been associated in this work with the
Table 7
Model results: Total capital and operational costs.
Basic Medium Medium plus Advanced
Capital investment
Construction/building costs EUR 2,947,000 4,785,000 4,863,000 6,843,000
Processing equipment EUR 3,153,000 6,634,000 6,987,000 12,616,000
Mobile equipment EUR 638,000 693,000 693,000 1,067,000
Project costs EUR 203,000 364,000 377,000 616,000
Total Capital Investment EUR 6,939,000 12,475,000 12,919,000 21,141,000
Capex
Construction/building costs EUR/year 237,000 384,000 391,000 550,000
Processing equipment EUR/year 409,000 860,000 1,074,000 1,681,000
Mobile equipment EUR/year 148,000 161,000 161,000 247,000
Project costs EUR/year 17,000 30,000 31,000 50,000
Total Capex EUR/year 809,000 1,433,000 1,654,000 2,526,000
Opex
Costs for repairs/maintenance EUR/year 138,000 236,000 245,000 392,000
Costs for resource consumption EUR/year 525,000 856,000 1,303,000 1,810,000
Costs for personnel EUR/year 1,297,000 1,838,000 2,732,000 2,379,000
Insurance EUR/year 43,000 78,000 80,000 120,000
Total Opex EUR/year 2,003,000 3,006,000 4,358,000 4,700,000
Capex þ Opex EUR/year 2,812,000 4,439,000 6,012,000 7,226,000
Fig. 3. Distribution or contribution of individual plant sections to Capex and Opex costs. Detailed section cost results are presented in the SD ﬁle, in Tables 4e7.
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levels of material conditioning in the plants. Larger plants make use
of comprehensive conditioning of material streams before sorting
processes, thus maximizing the performance of the sorting
equipment.
At ﬁrst glance, the values for both types of operation may seem
quite low, even for the Advanced plant. This would be the case if
compared to other types of MRFs that process different com-
mingled recyclables, such as single-stream or dual-stream MRFs,
which achieve total recovery rates of 80e95% (Cimpan et al., 2015).
If material recovery values simulated in this work for GermanMRFs
are compared to average values reported in other countries which
have similar packaging waste collection schemes, they are com-
parable but tend to be in general lower. For example, in Italy and
France the sorting efﬁciency of multi-material fractions (in multiple
combinations) was estimated at 78% and, respectively, 76e80% (da
Cruz et al., 2014; Rigamonti et al., 2015). LWP waste collected in
Belgium (called PMD and composed of plastics, metals and drink
cartons) is sorted with a reported efﬁciency of 84%, while only 63%
is reported in Portugal for similarly commingled materials
(Marques et al., 2014b).
Nevertheless, these recovery rates are realistic and can be
explained by such factors as the composition of the German LWP
waste. In terms of material acceptance, the yellow-bin system was
probably the most comprehensive in Europe, even before its
announced upgrade to the recyclables-bin in coming years. Citizens
have been encouraged to discard virtually all packaging materials,
including complex composite materials and all types of plastics, in
the yellow bin. The relatively loose understanding of the deﬁnitions
of packaging meant that a signiﬁcant share of the collected LWP
waste has always been constituted of materials that are not pack-
aging, some still compatible with the sorting systems (e.g. metal
kitchen utensils) and others incompatible with the sorting systems
(e.g. textiles, wood, glass). Additionally, the public is not encour-
aged to clean the discarded packaging, as modern plants can deal
with dirty materials. As a consequence of this complex composi-
tion, relatively large shares of collected LWP waste are in fact non-
recoverable, even in technologically advanced plants.
The recovery rates are also explained by the typical operation of
the plants which includes periods whenmorematerial is processed
than designed capacity. Downtime due to technical difﬁculties can
put additional pressure to process at overcapacity, but one impor-
tant reason is the short standard contract periods given to plants.
Thus, operators face high competition on the German market for
sorting, meaning that a focus on immediate revenues (gate fees)
rather than optimized recovery (as revenues from material sales
play only a limited role) is prevalent.
Fig. 4. Output management balance of revenues. Bars illustrating negative values represent disposal costs while positive values denote revenues by material sales.
Fig. 5. (A) Speciﬁc costs (Capex þ Opex) with the addition of transfer and long distance transport; (B) Inﬂuence of operational conditions on total material recovery levels.
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Contrary to ﬁndings, despite the relatively low recovery rates in
LWP sorting plants, Germany boasts some of the highest packaging
recycling rates in Europe. However, these rates might not give a
completely transparent view of efﬁciency, because they tend to be
overcompensated by public participation (items that are not
packaging are recovered alongside packaging), and by the fact that
not all packaging producers are represented by the Dual Systems,
meaning that more waste is generated compared to the combined
packaging registered. According to Marques et al. (2012), the pur-
ported “free-riding” share of sales packaging was estimated at
around 23%, explaining the collection rates which frequently sur-
pass 100% for paper/cardboard (107% in 2009) and LWP (109% in
2009).
3.4. Transfer and long distance transport
The modelled costs associated with waste transfer and long
distance transport are presented in Table 8. Fig. 5(A) illustrates the
possible increase in speciﬁc cost per tonne of LWP waste when
these additional costs were considered. The new cost curves still
indicated economies of scale with increasing plants size, although
these appear to become very small with the high level cost for
transfer. This result emphasizes the importance of accounting for
necessary transfer and transport when large plants are planned.
Although costs related to these operations are not necessarily
incurred by the sorting plants, they do contribute to the whole
waste management system costs.
3.5. Consumption of resources
Modelling results indicated that the average consumption of
electricity to process one tonne of LWP waste amounts to an input
just below 100 kWh. Unsurprisingly, more than 2/3 of this amount
was connected to sorting and reﬁning (Table 9). The model allows
further identiﬁcation of the processes which contribute most to
electricity consumption in these two sections. In the sorting sec-
tion, these are electricity consumption with lighting and air con-
ditioning of the sorting cabin and production of compressed air for
the NIR sorters. The latter is especially large for the Advanced plant.
In the reﬁning section lighting and air conditioning of the sorting
cabins covers 60e90% of all electricity consumption.
A consumption of around 3 L of diesel/tonne was also identiﬁed
in connection with mobile equipment in the plants. A strong
pattern of resource consumption decrease with increasing capacity
scale was not obvious from these results. Nevertheless, the unit of
processing area used per tonne input waste decreased from 0.17 m2
for the Basic plant to 0.1 m2 for the advanced plant.
4. Limitations and model applicability
While some of the speciﬁc economic data used in this assess-
ment (e.g. labour costs, utility prices, and disposal costs) reﬂect
German conditions, the facility planning and cost accounting
methods can be applied to any type of MRF. The model itself can be
adjusted to different types of plants and regional conditions by
changing the equipment type and scale, input composition, re-
covery parameters, operation factors and any speciﬁc economic
factors. The equipment price data (Table 1 in the SD) and building
construction rates are representative of the European market. Sale
prices for material outputs capture some of the volatility of the
market, but nevertheless, should be critically assessed and updated
before use in other contexts.
One of the limitations of this work is the fact that the generated
capacity-related cost curve is based on the analysis of only four
individual plants. Therefore, it has a rather limited cost predicting
power and might over- or underestimate economy of scale effects.
Its validation by comparison with a cost-curve based on a popula-
tion of existing plants was not directly possible but can constitute a
future extension of this study.
The model and results of this work construe a strong foundation
for further research and can provide practitioners with a relatively
detailed insight into waste sorting facilities. As such the present
work can be used for preliminary planning of newMRFs and in the
design of collection andmaterial recovery programs. From a system
analysis perspective, the model output can feed into environmental
assessments (MRF recovery efﬁciency, utility consumption) and
socio-economic evaluations (societal cost, employment aspects) of
resource recovery in waste management systems.
Table 8
Costs associated with LWP waste transfer and long distance transport.
Unit Basic Medium Medium þ Advanced
Transfer costs low EUR/year 0 125,000 250,000 375,000
Transfer costs high EUR/year 0 625,000 1,250,000 1,875,000
Transport >25,000 and 50,000 tonnes/year EUR/year 0 190,972 190,972 190,972
Transport >50,000 and  75,000 tonnes/year EUR/year 0 0 254,630 254,630
Transport >75,000 and 100,000 tonnes/year EUR/year 0 0 0 381,944
Speciﬁc cost increase low EUR/tonne input 0 6 9 12
Speciﬁc cost increase high EUR/tonne input 0 16 23 27
Table 9
Yearly total and speciﬁc (per tonne) consumption of electricity, diesel and total processing area.
Basic Medium Medium plus Advanced
Electricity
(MWh)
Diesel
(103 L)
Area
(m2)
Electricity
(MWh)
Diesel (L) Area (m2) Electricity
(MWh)
Diesel (L) Area
(m2)
Electricity
(MWh)
Diesel (L) Area (m2)
Per tonne input 102.4 (kWh) 3.7 (L) 0.17 89.8 (kWh) 2.2 (L) 0.14 91.3 (kWh) 2.2 (L) 0.1 96.5 (kWh) 2.2 (L) 0.1
Total per year 2560 91.9 4361 4488 110.3 7071 6847 165.4 7356 9649 222.7 10,236
Feeding-pre-conditioning 95 35.4 2350 206 42.4 4300 309 63.6 4300 1013 106 5700
Conditioning 201 0 425 389 0 650 585 0 650 790 0 875
Sorting 924 0 568 1319 0 811 2094 0 811 2794 0 1183
Reﬁning 874 0 120 1950 0 170 2925 0 170 3383 0 525
Product handling 217 56.6 898 289 67.9 1140 435 101.8 1425 863 116.7 1953
Unassigned 250 0 0 333 0 0 499 0 0 807 0 0
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5. Conclusions
The core objective of this work was to ﬁll in a gap in research
related to process and cost efﬁciency of MRFs by presenting and
applying some of the standard methods used in technical and
economic planning of MRFs to analyse lightweight packaging
sorting plants. The research endeavour has given some important
insights into the cost-beneﬁt balance of LWP waste MRFs operating
in Germany.
The analysis corroborated the fact that LWP MRFs operate at an
overall net cost, which has to be covered by the gate fees or sorting
fees that the Dual Systems in Germany are paying on behalf of the
packaging producers and distributors. The revenues from sales of
recovered materials are signiﬁcantly reduced or completely over-
turned by the disposal costs of sorting residues. Furthermore, even
with optimistic market price levels, the sale of materials cannot
fully cover the processing costs. A cost allocation per plant sections
found the sorting sections as most capital intensive, while output
reﬁning bore the largest share of operational costs.
Nevertheless, the analysis also showed that strong capacity-
related economies of scale occur with regard to processing costs
and that the practical optimal capacity level is achieved at around
50,000 tonnes/year. Optimal process efﬁciency, measured as total
material recovery, is realized in large plants with high degrees of
automation (>75,000 tonnes/year), but is in all cases signiﬁcantly
dependent of operational practice.
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a b s t r a c t
Municipal solid waste (MSW) management remains a challenge, even in Europe where several countries
now possess capacity to treat all arising MSW, while others still rely on unsustainable disposal pathways.
In the former, strategies to reach higher recycling levels are affecting existing waste-to-energy (WtE)
treatment infrastructure, by inducing additional overcapacity and this in turn rebounds as pressure on
the waste and recyclable materials markets. This study addresses such situations by documenting the
effects, in terms of resource recovery, global warming potential (GWP) and cumulative energy demand
(CED), of a transition from a self-sufﬁcient waste management system based on minimal separate
collection and efﬁcient WtE, towards a system with extended separate collection of recyclable materials
and biowaste. In doing so, it tackles key questions: (1) whether recycling and biological treatment are
environmentally better compared to highly efﬁcient WtE, and (2) what are the implications of
overcapacity-related cascading effects, namely waste import, when included in the comparison of
alternative waste management systems. System changes, such as the implementation of kerbside
separate collection of recyclable materials were found to signiﬁcantly increase material recovery, besides
leading to substantial GWP and CED savings in comparison to the WtE-based system. Bio-waste separate
collection contributed with additional savings when co-digested with manure, and even more signiﬁ-
cantly when considering future renewable energy background systems reﬂecting the beneﬁts induced by
the ﬂexible use of biogas. Given the current liberalization of trade in combustible waste in Europe, waste
landﬁlling was identiﬁed as a short-to-medium-term European-wide waste management marginal
reacting to overcapacity effects induced by the implementation of increased recycling strategies. When
waste import and, consequently, avoided landﬁlling were included in the system boundary, additional
savings of up to 700 kg CO2 eq. and 16 GJ eq. of primary energy per tonne of imported waste were
established. Conditions, such as energy recovery efﬁciency, and thresholds beyond which import-related
savings potentially turn into GWP burdens were also determined.
© 2015 Elsevier Ltd. All rights reserved.
1. Introduction
Comprehensive efforts towards increasing recycling combined
with the relatively stable waste generation observed after 2008
across Europe have led to an upsurge in combustion Waste-to-
Energy (WtE) overcapacity in countries like Austria, Germany, the
Netherlands, Belgium, Sweden and Denmark (Friege and Fendel,
2011; Ingeniøren, 2013; Jofra Sora, 2013; Vos, 2012). By 2012,
recycling and biological treatment together accounted for more
than 50% of Municipal Solid Waste (MSW) treatment in Germany
(65%), Austria (62%), Belgium (57%) and the Netherlands (50%). The
UK (46%) and Ireland (45%) were the countries which most
dramatically increased recycling from their 2001 levels of 12% and
respectively 11% (Eurostat, 2014; Fischer et al., 2013). To encourage
high efﬁciency WtE with regard to remaining residual MSW, but
perhaps also in anticipation of overcapacities, the 2008 EU Waste
Framework Directive (WFD) introduced some important changes to
the European waste market. Most importantly, the evaluation of
needs for incineration capacity can now be assessed at the Euro-
pean level, as non-hazardous combustible waste can be traded
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between countries more freely. As a result, shipments of combus-
tible waste from countries with treatment under-capacity towards
countries with treatment over-capacity have increased signiﬁcantly
in the last few years and are expected to continue increasing,
especially if fuelled by favourable economic conditions created by
national authorities (e.g. the UK) (Dubois, 2013). A few countries
are even adjusting their national strategies to facilitate waste im-
ports, such as the Netherlands and Sweden (Ringstrom, 2012; Vos,
2012).
Around 110 million tonnes of municipal waste are still being
landﬁlled in Europe (EU-28, Iceland, Norway, Switzerland and
Turkey (Eurostat, 2014)), and although waste combustion in
countries with incineration overcapacity is, in general, seen as an
environmentally preferable option to landﬁlling, it also raises some
concerns. Among them, it is argued that low incineration gate fees,
combined with the possibility to export, create unfavourable con-
ditions for recycling and hamper local treatment infrastructure
development in exporting countries (Jofra Sora, 2013). Another
concern is the impact of transporting the waste. On the other hand,
studies such as Dubois (2013) and Sundberg and Bisaillon (2011)
suggest that based on previous experience with liberalization of
international trade in recyclable waste streams, the more recent
and controversial trade in combustible waste has the potential to
bring signiﬁcant societal beneﬁts. Although the topics of WtE
overcapacities and combustible waste shipments in Europe have
been discussed for some time, their associated environmental im-
plications and connection to waste management system changes,
have not been addressed in scientiﬁc literature to date. This in-
cludes recent life cycle assessment (LCA) studies which propose,
evaluate or compare alternative municipal solid waste manage-
ment systems (MSWMS), as found in Cleary (2009) and Laurent
et al. (2014).
The study reported here builds on a full scale comparison of
MSWMS, by including and evaluating effects on existing treatment
infrastructure occurring in the transition from a waste manage-
ment system predominantly based on combustion WtE to systems
with increasing levels of recycling. The concrete case of a munici-
pality in Denmark (Sønderborg) is used to support with docu-
mented evidence the effects of such a transition, including
observed separate collection efﬁciencies, changes in waste ﬂows
and developments in managing existing WtE capacity. The study
has two main dimensions:
(1) A system comparison, in terms of climate, energy and ma-
terial efﬁciency, of waste management involving minimal
separate collection coupled with efﬁcient WtE and alterna-
tives based on comprehensive commingled kerbside collec-
tion of dry recyclables and collection of biowaste.
(2) A methodological basis which is advocated for dealing with
the cascading effects related to waste management system
changes when increased recycling leads waste-to-energy
overcapacity.
The study endeavours to support decision-making related to
planning of strategies to achieve stricter EU waste related targets,
by illustrating measured changes in waste ﬂows when imple-
menting comprehensive kerbside collection which includes the
effects on other types of collection and how these changes
impact the treatment of remaining residual waste. Furthermore,
the study identiﬁes framework conditions under which: (1)
increased recycling of organic waste fractions leads to environ-
mental beneﬁts; and (2) waste shipments for thermal treatment
bring climate beneﬁts, considering aspects such as waste charac-
teristics, energy recovery efﬁciency and different methods of
waste disposal.
2. Materials and methods
2.1. Assessment approach
This study assesses the underlying implications of waste
management system changes, evaluated on the basis of system
analysis and consequential life cycle assessment methodology
(LCA) (Clift et al., 2000; Ekvall and Weidema, 2004; Ekvall et al.,
2007). All material and energy ﬂows, as well as system burdens
and savings, are thus related to a functional unit (FU), here deﬁned
as management of 1 tonne (wet weight) of generated household
domestic waste. In this study, domestic household waste encom-
passed all waste materials discarded daily by households which
can be collected in a kerbside collection scheme. This deﬁnition
excludes bulky and hazardous household waste from the analysis,
but includes all recyclable waste streams affected by the system
changes (further explained in Supplementary Data (SD) ﬁle). The
temporal scope under which the results are valid is short-to-
medium term, i.e. 10 years, based on the range of technologies
modelled, lifetime of current infrastructure and background con-
ditions considered.
The metrics used to compare the systems are global warming
potential (GWP100) and cumulative energy demand (CED). CED
factors were calculated using the method described by Hischier
et al. (2010), while GWP100 (kg CO2 eq., aggregated over 100y)
was calculated on the basis of the latest Assessment Report of the
Intergovernmental Panel for Climate Change, IPCC (IPCC, 2013).
Biogenic and fossil C were distinctly accounted, however, their
contribution to GWP100 was considered equal. The assessed sys-
tems were modelled in a mass ﬂow transfer model using Microsoft
Excel, complemented by CED and GWP100 factors facilitated with
the LCA software SimaPro 8.0.2. Background (or generic) life cycle
inventory LCI data was retrieved from the Ecoinvent v.3 database,
whereas foreground (or system speciﬁc) LCI data was compiled
from multiple sources, including the municipality's own ac-
counting system (Sønderborg Affald, 2013), interviews with
downstream waste operators and several waste characterization
investigations.
2.2. System boundary and marginal suppliers
Based on the consequential LCA rationale, only processes
reacting to the changes implemented in the management system
were included, i.e. processes reacting in both the foreground sys-
tems and background systems of energy and materials production.
This implies that so-called marginal supplies/marginal data was
used. Thus, any up-stream activities prior to waste generationwere
not included in the system boundary (Ekvall et al., 2007). Based on
the time scope of the study (10 y), short-to-medium-term mar-
ginals were considered for energy production, (avoided) primary
material production and mineral fertilizers, biomass utilization
and, lastly, a waste management marginal was deﬁned.
Marginal electricity production was assumed to be from coal
condensing power plants (coal PP), whereas the heat production
marginal is speciﬁc to the local distribution network (district
heating), which in the case area, is based on utilization of natural
gas. The marginal nitrogen, phosphorus and potassium fertilizers
were identiﬁed as calcium ammonium nitrate, diammonium
phosphate and potassium chloride, on the basis of Hamelin (2013).
The biomass marginal for wood pulp production, i.e. tropical
plantations, was considered based on the work of Reinhard et al.
(2010). Lastly, marginals for primary material production (for
metals, plastics and glass) could not be speciﬁcally identiﬁed and
are based on generic Ecoinvent v.3 data, representing European
average production.
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2.2.1. Deﬁning a European waste management marginal
To describe the interactions between existing WtE infrastruc-
ture and the combustiblewastemarket, a new type of marginal was
deﬁned in this work. To the authors' knowledge, this is the ﬁrst
attempt to deﬁne a waste management marginal. Assuming, as
further justiﬁed in the SD, that the starting point is based on stable
conditions in an existing self-sufﬁcient MSWMS, including opera-
tion at near-full capacity for waste incineration plants, any diver-
sion of waste towards recycling by increased source separation
liberates combustion capacity. This in turn, induces a “demand” for
combustible waste at the waste incineration plant, or rather a ca-
pacity to receive more waste at a given market based gate fee.
Which type of waste management is, then, the most likely to react
to this increased demand for burnable waste? In the short-to-
medium term context, import of waste from the United Kingdom
(UK) appears very likely, implying that this waste is diverted from
being landﬁlled (in the UK). In fact, the UK is currently the largest
exporter of combustible waste (ca. 1.5 Mt in 2013), in the form of
low quality refused derived fuel (RDF), pre-processed from MSW
and also from commercial and industrial waste. The UK waste
market analysts Eunomia, projected an increase in waste export by
70% in 2014, followed by stabilization until 2020 (Eunomia, 2013).
The reasoning behind future shipments is that domestic gate fees
will still favour exports to countries with extra capacity, even after
the UK will have adequate treatment capacity for all the waste it
generates (estimated to 2017/18, based on currently commissioned
and planned installations).
Thus, waste imports from countries which landﬁll appears as
the most probable waste marginal in Europe, due to the fact that
incineration capacity cannot adjust instantly to ﬂuctuations in do-
mestic waste amounts (Wilts, 2012). In a longer-term perspective,
Europe will likely move away from landﬁlling and countries will
develop comprehensive treatment capacity. Although ageing
incineration capacity is anticipated to be reduced, at the moment,
economic conditions seem to drive new capacity to be built. In
some cases, this implies that older capacity is upgraded or replaced.
Currently, there are still around 110 Mt of municipal waste being
landﬁlled in Europe. At the moment, this amount exceeds by far
existing total waste incineration capacity, estimated at 70e80 Mt,
which includes a total overcapacity estimated at 5e7 Mt (SD).
Therefore, diverting waste from landﬁll through combustible waste
shipments appears as an acceptable solution for a period of time in
the future, although the location of the landﬁlls where this would
happen may be then different.
On the basis of the same rationale, i.e. that near-full capacity has
to be met in order to secure feasible operation of WtE plants, any
sorting residue material ﬂow, generated in a waste management
system and which needs to be combusted, displaces/occupies
marginal capacity which would have otherwise been used for im-
ported waste. This effect was considered in this study and is
modelled as induced landﬁlling of RDF in the UK. Induced and
avoidedwaste shipments were quantitatively determined using the
lower heating value (LHV) of waste ﬂows and plant efﬁciencies and,
therefore, are based on displaced thermal capacity to produce a
certain amount of energy.
2.3. Waste management strategies e system descriptions
A total of ﬁve systems were evaluated. The ﬁrst two systems are
supported by directly measured mass ﬂow data and the three latter
systems are scenarios that were established in order to determine
the implications of further strategies to increase recycling in the
case municipality. The composition of the generated domestic
waste and source separation efﬁciencies achieved in each system
are presented in Table 1.
2.3.1. System 1: reference system
The reference system represents the baseline waste manage-
ment system used by the case-municipality until spring 2012 and is
illustrated in Fig. 1. In this system, only public collection schemes
are available to citizens for collection of recyclable waste, i.e. a cube
system for glass, paper and metal cans (one collection point per
100e500 inhabitants) and 8 recycling centres where citizens
deliver a variety of wastes, including bulky waste, hazardous waste
and also recyclables. Based on the municipality's data, under this
system, 18 wt-% of the domestic household waste was collected for
recycling (Table 1). The remaining 82% was collected though stan-
dard kerbside residual collection and delivered to the local waste
combined heat and power (WtE CHP) facility which delivers district
heating and electricity to the national grid. Combustion residues
(bottom ashes) are processed to recover metals and most of the
inert material is used as a substitute aggregate in road construction.
Air pollution control (APC) residues, including ﬂy ashes, are sent to
Bleicherode (Germany) where they serve the purpose of backﬁlling
closed salt mines.
The collected, recyclable materials are ﬁrst brought to the
municipality's transfer and sorting facility. From there, glass pack-
aging is sent to a sorting facility in another municipality (Ribe,
Denmark), which separates re-usable bottles (ca. 50% of the glass
collected), a reﬁned broken glass fraction (cullet; later sold as
feedstock to the glass industry), and non-recyclable residues
(estimated at 2% of input). Reusable bottles (wine and spirits) are
sent to a washing installation in Havdrup (Denmark). The hard and
soft (foil) plastics are baled and sold internationally. This was
modelled in this study as plastic sorting and reprocessing in Ger-
many. A large metal scrap processor receives the collected metal
cans and packaging. Sorted steel and aluminium is then traded on
the international market. Steel is typically sent by ship to Turkey or
Asian countries (the former is assumed in this assessment), while
aluminium packaging is processed in Germany and Sweden. Paper
and cardboard are quality-checked and balled, then sold to paper
mills. Themain destination in 2011was a mill in Tønder (Denmark),
which produces egg trays.
2.3.2. System 2: kerbside dual-stream
Central to the waste management system changes in 2012 was
the introduction of a kerbside collection of commingled recyclables
in a dual-stream. The dual-stream collection consists of: (1) amixed
stream of paper, cardboard and plastic foils, and (2) a mixed stream
of glass, metals and hard plastic containers. In the case of single-
family residences, the two mixed material streams are stored
together in a dual-chamber kerbside bin, and collected with the use
of speciﬁc dual-compartment collection trucks. Large containers
are provided instead to multi-family residences and apartment
blocks (kerbside multi-family). The two streams are subsequently
sorted into single materials in a specialized central sorting plant
(Vojens, Denmark) and sold to international markets. In this sys-
tem, the glass collected kerbside and sorted in the central sorting
facility is only recovered as cullet for glass remanufacturing. Other
recyclable materials collected in the kerbside multi-family, cube
system and recycling centres are handled as described in the
reference system.
The main consequence of introducing the kerbside dual-stream
collection system was an increase in total separate collection to
30 wt.-% of the generated domestic waste (Table 1), according to
mass ﬂows monitored over one year. This consequently implied a
signiﬁcant drop in mixed residual waste collected in the munici-
pality (14 wt-% drop), which is used for energy production. TheWtE
CHP plant has mutually binding long-term agreements with the
municipality on delivery of district heating, the municipality being
responsible for ensuring suitable quantities of waste. In 2012, a
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contract with a German timber company ensured the delivery of
2e3000 tonnes of mixed industrial waste to Sønderborg, waste
otherwise incinerated in one of theWtE plants in Hamburg (plant 4
in Fig. 1). The three existing plants in Hamburg deliver electricity,
district heating and high temperature steam to other industrial
installations (MVR, 2012), which involves, in the short term, that
any supply disruption will be compensated by import of waste,
either from inside or outside Germany (fact conﬁrmed also through
personal communication with the company management). This
cascading effect was modelled by direct import of low quality RDF
from the UK to one of theWtE plants in Hamburg. Processes such as
balling and preparation of the RDF have been included in terms of
electricity consumption (15 kWh tonne RDF1 ) and foil for wrapping
the bales (1.8 kg LDPE tonne RDF1 ). The avoided landﬁlling process
has been modelled as sanitary landﬁll without utilization of the
landﬁll gas (LFG). Fig. 1 illustrates the process ﬂow diagram of the
overall system. A more detailed description of the cascading effects
in this system is given in the SD.
2.3.3. System 3: mature dual-stream
System 3 is a scenario based on an optimization of the above-
described dual-stream (system 2), including slightly higher
source separation efﬁciencies based on potential rates indicated by
several Danish and international studies (Dahlen et al., 2007;
Dahlen and Lagerkvist, 2010; Dansk Affald, 2014; Møller et al.,
2013; Skov, 2007). Source separation is higher especially for plas-
tics (e.g. hard plastics: an increase from 28% to 47%), however, this
determines only an incremental increase in overall separate
collection to 32 wt.-% of generated domestic waste (Table 1).
Nonetheless, the increased removal of plastics and other re-
cyclables changes signiﬁcantly the characteristics of the remaining
residual waste. More importantly, in terms of system changes, it
was assumed that the mature kerbside scheme here covers all
single and multi-family households, therefore the municipality
cubes and recycling centres become irrelevant in this system. In
this scenario, the cascading effect is simpliﬁed to direct import from
the UK, on the basis of the supply contract for 10,000 tonnes of low
quality RDF that the municipality of Sønderborg recently signed
with a supplier from the UK (SD ﬁle e Fig. S4).
2.3.4. System 4: mature dual-stream and biowaste
This system model builds on the previous, with the addition of
collection andmanagement of organic waste (henceforth called the
bio-bin). The composition modelled for the bio-bin reﬂects a
content of miss-sorted materials (i.e. non-organic materials) of
5 wt.-%, based on a typical range from 1 to 10 wt.-% (Bernstad et al.,
2013; Hansen et al., 2007), which needs to be removed, through
pre-treatment prior to anaerobic digestion. The modelled pre-
treatment consists of a wet pulping and separation process
(Lorentzen et al., 2013; Naroznova et al., 2013). The reject from pre-
treatment is sent to the WtE plant while the recovered biomass
(biopulp, dry matter content of 15%) is mono-digested in a local
biogas plant, considering a CH4 yield of 350 Nm3 per tonne of
volatile solids (VS) (Davidsson et al., 2007). The biogas produced is
directly used in a gas motor to produce electricity and heat, for
which efﬁciencies of 40% (electricity) and 45% (heat) are consid-
ered. The other output, the digestate, is stored, and when appro-
priate, applied on agricultural ﬁelds as an organic fertilizer, thereby
partly substituting mineral nitrogen (N), phosphorus (P) and po-
tassium (K). The modelling of digestate storage, application, fertil-
izer substitution and soil C changes are based on the work of
Hamelin (2013). Total separate collection grows to 54 wt.-% in
this system (Table 1). The missing waste for the WtE CHP induces
imports equivalent to more than 20% of the initial tonne (wet
weight) of domestic household waste (the functional unit). Waste
import and the associated avoided landﬁlling in the UK are
modelled as in System 3. Themain ﬂows involved in this system are
illustrated in Fig. 2.
2.3.5. System 5: mature dual-stream, biowaste and manure-biogas
This system is essentially the same as system 4, but with a slight
variation: instead of mono-digestion, the biopulp is co-digested
with animal manure (pig slurry). This system is particularly rele-
vant for countries with high animal density (e.g. Denmark), where
signiﬁcant amount of manure is available. As animal manure alone
is rather dilute in terms of C content, co-digesting it with the C-
richer biopulp is an interesting solution to ensure economically
feasible operation for the biogas plants in high animal density areas
(Hamelin et al., 2011). Furthermore, as illustrated in Hamelin et al.
(2014), the environmental beneﬁts of diverting conventionally
managed manure towards anaerobic digestion are rather large. On
the basis of obtaining an input mixture having 10% of dry matter
after the ﬁrst digestion step (Hamelin et al., 2011, 2014) and a C:N
ratio between 10 and 30, it was calculated that this system allows
for the use of 600 kg of manure per tonne of domestic waste
(functional unit). The manure constitutes 75% of the input mixture
(on a wet basis), this qualifying the biogas plant for state subsidies
(Ministry of Food Agriculture and Fisheries of Denmark (2012)). The
Table 1
Composition of the generated domestic household waste and aggregated separate collection efﬁciencies achieved by the different systems (per functional unit and material
speciﬁc).
System Generated waste Separate collection efﬁciency
Reference system Kerbside Dual-stream Mature Dual-stream Mature Dual-stream and Biowaste
Fractions (kg) (wt.-%) (wt.-% total) (wt.-% fraction) (wt.-% total) (wt.-% fraction) (wt.-% total) (wt.-% fraction) (wt.-% total) (wt.-% fraction)
Food waste 304 30.4 0.0 0.0 0.0 0.0 0.0 0.0 17.8 58.5
Garden waste 26 2.6 0.0 0.0 0.0 0.0 0.0 0.0 0.8 31.1
Kitchen tissues 28 2.8 0.0 0.0 0.0 0.0 0.0 0.0 1.7 58.6
Foil plastics 13 1.3 0.3 23.7 0.5 41.9 0.6 49.2 0.6 49.2
Hard plastics 20 2.0 0.1 3.5 0.6 28.5 1.0 47.2 1.0 47.2
Recyclable paper 196 19.6 10.3 52.8 16.7 85.4 17.2 88.1 17.2 88.1
Paper/card
packaging
56 5.6 2.6 46.7 3.8 67.6 3.8 68.1 4.2 75.3
Aluminium 11 1.1 0.5 46.9 0.7 66.8 0.7 67.9 0.7 67.9
Heavy NF 1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Fe metals 18 1.8 0.1 7.0 0.8 42.4 1.0 57.7 1.1 59.9
Glass 73 7.3 4.0 54.4 6.3 85.5 6.4 88.0 6.5 88.8
Other plastics 11 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.2 22.2
Rest 244 24.4 0.1 0.3 1.0 4.0 1.1 4.4 1.7 7.1
Total 1000 100 18 30 32 54
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Fig. 1. System 1: Reference and System 2: Kerbside Dual-stream. Full lines indicate foreground and induced system ﬂows and processes while dotted lines indicate avoided ﬂows
and processes; coloured processes indicate foreground system changes compared to the Baseline system.
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CH4 yield considered for manure ab-housing (i.e. after a temporal
storage in animal houses) is 319 Nm3 per t volatile solids (VS)
(Hamelin et al., 2011). Based on consequential LCA rationale, the
use of raw manure for biogas avoids the burdens and savings
associated with conventional manure management, which is stor-
age and application on land without any additional treatment, in
the way described in Hamelin et al. (2013). This system's ﬂows are
illustrated in Fig. S5 in the SD ﬁle.
2.4. Life cycle inventory
2.4.1. Waste stream monitoring and characterization data
The waste mass ﬂow data used to describe System 1 and System
2 is based on monthly monitoring and registration in the munici-
pality's waste accounting system, in both cases covering a full one
year period (System 1: June 2011eMay 2012; System 2: June
2012eMay 2013). This is further elaborated in Section 3 of the SD
ﬁle. In 2013, a characterization study was performed to determine
the efﬁciency of the new kerbside system (Petersen and
Manokaran, 2013). The analysis, addressing the composition of
mixed residual waste, covered the main three types of housing in
the municipality. The study, combined with information on all
other waste streams collected in the municipality, made it possible
to establish a reasonably accurate and detailed proﬁle for generated
domestic waste in System 2. However, since no information was
available on the composition of residual waste before the
Fig. 2. System 4: Mature Dual-stream and Biowaste. Full lines indicate foreground and induced system ﬂows and processes while dotted lines indicate avoided ﬂows and processes;
coloured processes indicate foreground system changes compared to the Baseline system.
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introduction of the new kerbside system (i.e. System 2), it was
assumed that the overall material fraction distribution in generated
domestic waste was the same before and after the introduction of
the kerbside system.
The compositions of imported industrial waste and low quality
RDF were provided by suppliers. The composition and character-
ization data for the bio-bin, for generated domestic-, residual- and
imported waste used in the mass transfer model are presented in
Section 4 of the SD ﬁle.
2.4.2. Waste transfer and sorting plants
Energy consumption and process efﬁciencies for plants across
the processing chain are summarized in Table 2. Mixed hard plas-
tics are described based on recent Dutch studies (Van Velzen et al.,
2013), with a 82% content of standard packaging polymers (typical
resins recycled e PET, PE, PP and PS) and 18% other plastics. Plastic
sorting residues are assumed sent to a combustion WtE plant (WtE
CHP number 2 in Figs. 1 and 2).
2.4.3. Combustion WtE and ash processing
Three combustion WtE plants were included in the model. Net
efﬁciencies reﬂect power output to the grid (self-consumption
subtracted) and heat sold to the district heating network in a
speciﬁc year. The ﬁrst plant considered, is the waste CHP in
Sønderborg, where all residual waste and sorting residues from the
municipality are combusted. It is modelled with net efﬁciencies of
15% for electricity and 84% for heat recovery based on the LHV of
input waste (Sønderborg Kraftvarmeværk, 2012). Sorting residues
from the central sorting plant are sent to a second waste CHP, in
Haderslev (Denmark), which has net electricity and heat efﬁ-
ciencies of 16% and 49% respectively (DONG, 2012). Finally, the
expanded system includes a third plant, the Rugenberger Damm
plant in Hamburg, with 7.3% electricity and 53% heat (MVR, 2012).
In all cases, the use of 1 kg light fuel oil per tonne waste has been
included, i.e. auxiliary fuel for start-up and shut-down operations.
The main residue output, bottom ash, is typically stored for several
months (the process is called ageing) to improve leaching proper-
ties, before it is processed to recover metals. An oxidation coefﬁ-
cient of 20% was used in the model in order to account for
signiﬁcant shares of metals which become unavailable for recovery
after the incineration process due to partial volatilization and sur-
face oxidation (Hu et al., 2011; Biganzoli et al., 2012) and during the
ageing process (Vries et al., 2009). State-of-the-art mechanical-
based sorting in Denmark achieves around 80% ferrous metals (Fe)
recovery and 60% non-ferrous (NF) recovery (of metals present in
metallic form) (Allegrini et al., 2014). The metal outputs represent
impure concentrates which need further upgrading after recovery
(assumed purity of 80% for Fe-metals and 70% for NF-metals). This
is performed for Fe-metals by typical scrap processors (shredder
plants), while for NF-metals it is done by specialized processors,
employing typically heavy media separation. Nearly 100% pure
upgraded metals (2% process losses) are then sold to ﬁnal metal
recyclers. Processed bottom ash was modelled as landﬁlled, where
landﬁll engineering and operation was taken from Manfredi et al.
(2009).
2.4.4. Biogas production and digestate handling
Co-digestion of the bio-pulp and pig slurry was modelled
considering the system described in Hamelin et al. (2011, 2014), i.e.
a completely stirred main digester operated under mesophilic
conditions, equipped with a post digester from which ca. 10%
additional methane is captured. The produced biogas is assumed to
consist of 65% CH4 and 35% CO2, with a density of 1.158 kg Nm3
biogas. All LCI data for the anaerobic digestion process itself, for the
digestate storage and the digestate application on land were
calculatedwith themethodology described in Hamelin et al. (2014).
Changes in soil C occurring as a result of applying the digestate
on land instead of raw manure were estimated with the dynamic
soil C model C-TOOL (Taghizadeh-Toosi et al., 2014). For the appli-
cation on land, the 6-years rotation described in Hamelin et al.
(2011) was considered, as well as national regulations for land
application (Danish Ministry of the Environment, 2006; Ministry of
Food, Agriculture and Fisheries of Denmark (2012); DanishMinistry
of the Environment, 2014). On this basis, only 40% of the applied N,
78% of the P and 95% of the Kweremodelled to really reach the crop
for the digestate in System 4. Thus, these were the amounts that
were used to establish the substitution of mineral fertilizers. For
System 5 and rawmanure, respectively, ﬁgures of 40 and 75% of the
N, 78 and 53% of the P and ﬁnally 89 and 59% of the K applied were
estimated. The nitrate losses were estimated with the N-LES4
model (Kristensen et al., 2008), as thesewere necessary to calculate
so-called “indirect” nitrous oxide emissions.
2.4.5. Material reprocessing and avoided primary production
The signiﬁcance of system boundary choices, technology choices
and type or mix of energy used both in reprocessing and primary
production is particularly important when modelling paper and
cardboard recycling, compared to recycling of other materials
Table 2
Overview of energy consumption and efﬁciency of processing plants.
Operation Electricity
(kWh/tonne input)
Heat
(MJ/tonne input)
Diesel
(L/tonne input)
Recovery
(wt.-% target
material)
Sources
Municipal transfer
and sorting station
30 e 0.5 98% accounting Sønderborg
Dual-stream central sorting Dansk Affald (2013)
Stream 1 10 e 2 99%
Stream 2 27 e 2 98%
Glass sorting 17 e e 98% Personal communication
(Ribe Flaskecentral)
Plastic sorting (Germany) 150 e e 90% (PET, PE, PP, PS) Christiani (2009)
Bottom ash sorting 15 e 0.5 80% (ferrous); Allegrini et al. (2014), Vycinkarova et al. (2013)
60% (non-ferrous)
Shredder plant 50 e 2.5 98% Damgaard et al. (2009)
Heavy media plant 80 e 0.5 98% Wens et al. (2010)
Biowaste pre-treatment 30 e 0.5 95% Naroznova et al. (2013)
Digestion plant 5% of produced
methane
e e Hamelin et al. (2014) (hygenization and
digester heating)Mono-digestion 250
Co-digestion 180
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(Merrild et al., 2008; Villanueva and Wenzel, 2007). Merrild et al.
(2008) showed that the GWP associated with reprocessing is
highly plant-speciﬁc and the choice of dataset is, therefore, an
important parameter in system deﬁnition. In addition, waste-
recovered paper is seldom used exclusively in the production of
new paper. Instead, it competes on the raw material market
(feedstock market) for paper production together with virgin ma-
terials (wood) and primary produced market pulp. Hence, in this
study, the point of substitutionwas placed before paper production
to exclude the inﬂuence of varying paper production technologies.
Substitution is calculated directly to marginal biomass provision
(wood), based on the known yield of primary sulphate pulp pro-
duction, the yield of secondary pulp production from waste paper
and with the ﬁnal addition of a substitution ratio (to account for
quality loss). According to Hischier (2007), approximately 4.5 kg of
wood (density of 1125 kg m3 and dry matter content of 48%) is
used to produce 1 kg of primary sulphate pulp, while 3.5 kg are
used in the production of base paper for cardboard. The provision of
marginal biomass, i.e. from tropical plantations (Reinhard et al.,
2010), is modelled from Wenzel et al. (2014), and accounts for ca.
1.4 kg CO2 eq. (biogenic C) per kg avoided primary pulp. Biomass
harvesting was modelled based on generic Ecoinvent v.3 data. The
possible yield of pulp fromwaste paper is mostly determined by the
amount of ﬁllers, additives and material loss, which has been
documented to range from 2 to 18 wt% (Merrild et al., 2008). A 10%
and 7% mass loss was applied to paper, respectively cardboard
waste. A substitution ratio of 1:0.833 and 1:0.95 (paper/cardboard
waste: primary pulp) was further applied, as suggested by
Rigamonti et al. (2009).
Hard plastics and foil reprocessing weremodelled based on data
collected from Dutch plants and described in Bergsma et al. (2011).
The process, with a typical yield of 75 wt-% input, consumes per kg
processed on average 1.1 kWhel. for hard plastics and 0.89 kWhel. for
foil plastics, 0.3 L water, 0.01 kg sodium hydroxide and 1.13 MJ of
natural gas. Avoided primary production, after the application of a
substitution ratio of 1:0.8, was modelled with generic Ecoinvent v.3
data (Hischier, 2007). Aluminium reprocessing was based on Leroy
(2009), representing state-of-the-art European plants. Primary
production of aluminium and reprocessing and primary production
of steel and copper (proxy for NF-metals) were modelled with
generic Ecoinvent v.3 data (Classen et al., 2009). Glass washing for
reuse requires, per tonne output, 40 kWhel., 1 GJ natural gas, 9 kg
sodium hydroxide and 3 m3 of water (Nejrup and Wesnaes, 2000).
Glass manufacturing from cullet was modelled with the con-
sumption of 39 kWhel., 0.42 GJ natural gas, 121 kg of light fuel oil,
3 kg sodium chloride and 3 kg lime per tonne of secondary glass.
2.4.6. Transport and the logistics network
A detailed logistics network was included to model transport
(example given in the SD ﬁle). Consumption data for collection of
residual waste and kerbside recyclables was obtained from the
collecting company, and amounts to 4.2 Ldiesel tonne1 residual
waste and 14.9 Ldiesel tonne1 recyclables (including collection and
transport to the central sorting plant). Collection in the cube system
requires approximately 4.9 Ldiesel tonne1, based on Larsen et al.
(2009). Consumption for personal transportation of waste to
recycling centres was estimated at 5.6 Ldiesel tonne1, on the basis of
data collected in the municipality. Transport between treatment
stages is performed with long-haul trucks (0.022 Ldiesel tkm1,
Ecoinvent v.3) and transoceanic barge tankers (0.010 Ldiesel tkm1,
Ecoinvent v.3).
2.4.7. The landﬁll sub-model
Landﬁlling of low quality processed residual waste was avoided
or induced in the systems. Environmental exchanges were
calculated with the method presented by Manfredi et al. (2009),
albeit including the biogenic CO2 and excluding carbon storage,
which, in this case, was not needed. Two types of landﬁll were
modelled: (1) Conventional landﬁll with leachate and gas collec-
tion, gas treatment in ﬂares and top soil cover for mitigation of
emissions of uncollected gas, and (2) engineered landﬁll with en-
ergy recovery, where collected gas (LFG) is utilized to produce
electricity. Degraded carbon dissimilates to CH4 and CO2 at a ratio of
0.55:0.45. Dissimilation factors of biogenic carbon (100-year time
horizon) as LFG are illustrated in the SD. LFGwas assumed collected
with an overall efﬁciency of 75% and, further, 50% of uncollected
CH4 is oxidized in the top cover. Treatment in ﬂares was assumed to
be 97% efﬁcient, while 98% was computed for gas motors (3% and
2% CH4 fugitive emissions). Gas motors produce electricity with a
30% efﬁciency based on the lower heating value of LFG.
2.5. Sensitivity analyses
Three main sensitivity analyses were performed addressing: (SA
1) the inﬂuence of material composition, energy recovery efﬁciency
and different types of landﬁlling with regard to waste import; (SA
2) ﬂexible vs. continuous waste-derived electricity production; and
(SA 3) the alternative import of biomass instead of combustible
waste forWtE. An overview of tested parameters is given in Table 3.
(SA 1) The composition of imported waste, the efﬁciency of the
importing plant and the type of waste management (i.e. type of
disposal) avoided can be identiﬁed as crucial parameters in
assessing the environmental signiﬁcance of waste shipments for
thermal treatment around Europe. These parameters were tested in
a sub-model which included all processes associated with waste
import, namely: waste preparation, transport, combustion, avoided
energy and avoided landﬁlling. The sub-model shows the GWP of
importing 1 tonne of combustible waste when varying different
parameters (Table 1). The composition of imported waste was
varied from unprocessed residual household waste (high biogenic C
and low LHV) to high quality RDF (high fossil C and high LHV). By
varying the energy recovery efﬁciency of the importing plant, a
relative threshold can be established, under which import could
potentially become detrimental from a GW perspective. The efﬁ-
ciency of the importing plant was changed to heat or electricity
recovery only and also to a CHPmodewhere the R1 efﬁciency factor
of 0.6 would just be reached (this could represent older plants in
central Europe). All analyseswere performed considering two types
of landﬁll, as described in Section 2.4.7.
(SA 2) The sensitivity of baseline results to marginal/or back-
ground energy production is typically tested in waste LCA studies.
However, the implications of this have been showed in numerous
other studies and will not be repeated here (Laurent et al., 2014;
Christensen et al., 2009). Typical sensitivity results show that
altering the avoided marginal energy will not change the overall
rankings between systems. Instead, testing system integration as-
pects such as ﬂexible vs. continuous electricity production offer a
more rewarding discussion. In this sensitivity scenario, biogas
produced in System 4 and 5 is upgraded to natural gas grade,
allowing it to be stored in the gas grid and to be used according to
demand patterns. Biogas upgrading was added based on data from
Bernstad and Jansen (2011). In an energy systemwith high shares of
wind, such as in Denmark, this renewable gas can then be used for
ﬂexible electricity production, displacing production from fossil
sources and biomass. Based on Wenzel et al. (2014), this has been
tested in themodel by changing the avoidedmarginal for electricity
produced by combustion WtE (base load continuous production),
to a country mix estimated valid for the period 2013e2020 by the
Danish Energy Agency.
(SA 3) Local or imported residual biomass is already used in the
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case municipality and other incineration plants in Denmark to
supplement falling waste quantities. The implications of importing
two types of biomass instead of low quality RDF from the UK were
tested: (a) biomass from forest thinning and (b) biomass from
boreal plantations, as representative for two extremes in terms of
GW impact.
3. Results and discussion
3.1. Cascading effects of increased separate collection
The results of the evaluation are presented distinctly for the ﬁve
systems, with and without the inclusion of cascading effects of
waste import (i.e. full system expansion vs. partial system expan-
sion). This is in order to reveal ﬁrst the effects of increased source
separation and, secondly, to highlight the importance of the waste
import consequences resulting from WtE overcapacity generated
by increased recycling.
Fig. 3 illustrates the main results in terms of CED and GWP, as
aggregated net value points. All values are negative as all ﬁve sys-
tems achieve overall net savings. The blue diamonds, which
represent the systems in isolation or without full system expansion,
offer a set of results in agreement with similar LCA studies of
MSWMS (e.g. Blengini et al., 2012; Bernstad et al., 2011; Larsen
et al., 2010), which typically show that enhanced levels of
separate collection and subsequent recycling coupled with energy
recovery of non-recyclable residues contribute to increasing GWP
and primary energy savings.
Full system expansion results (red squares), which include the
reacting waste management marginal, reveal that the actual CED
and GWP savings are much higher when waste import is included
in the system boundary. The additional beneﬁts grow in relation to
the amount of combustible waste attracted in the system from ca.
70 kg CO2 eq. FU1 in System 2, to 144 kg CO2 eq. FU1 in System 5,
with the latter nearly doubling the GWP performance achieved in
the Reference (System 1). The magnitude of these savings was, of
course, dependent on a set of parameters in the model and the
sensitivity of the results to these parameters is tested and discussed
in Section 3.4.
Regarding CED, all systems achieved large savings by avoiding
marginal energy and primary materials production while having
relatively small energy expenditures. With waste import dis-
counted, the loss of waste for energy production (diverted to
recycling) had a large inﬂuence on the net savings, and only small
gains were observed compared to the Reference system. The
opposite was valid when looking at the full systems, where
increased recycling and biowaste for biogas increased substantially
overall CED savings by allowing more waste to be imported and
used for energy production.
Table 3
Overview of sensitivity analyses.
Waste composition Combustion WtE efﬁciency Type of landﬁll
SA 1 e waste import
considerations
Baseline Low quality RDF CHP: power 15% and heat 84% Sanitary landﬁll without gas utilization
Sensitivity scenarios a Residual MSW a Heat only 84% a Sanitary landﬁll without gas utilization (landﬁll 1)
b High quality SRF b Power only 15% b Sanitary landﬁll with gas utilization (landﬁll 2)
c R1 CHP: Power 15% and heat 12%
SA 2 e ﬂexible vs. continuous
electricity production
Baseline Biogas e electricity avoids coal PP electricity
Combustion WtE e electricity avoids coal PP electricity
Sensitivity scenarios Biogas e electricity avoids coal PP electricity
Combustion WtE e electricity avoids DK (2013e2020) country mix electricity,
consisting, among others, of 47% wind power
SA 3 e biomass import
considerations
Baseline Low quality RDF
Sensitivity scenarios a Biomass from forest thinning
b Biomass from boreal plantation
Fig. 3. Net scenario results (per functional unit): (A) Cumulative Energy Demand and (B) Global Warming Potential. Dual-stream is abbreviated to DS, biowaste collection to Bio and
co-digestion to CD.
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3.2. Assessing system performance
A breakdown of the GWP results, highlighting the contribution
from selected processes, is presented in Fig. 4A and B (similar CED
results are presented in the SD). Net savings are obtained by sub-
tracting avoided impacts (negative bars) from the induced impacts
(positive bars).
3.2.1. Combustion WtE
In terms of GWP, savings of fossil energy production (light green
bars in the web version of the article) offset the burdens of direct
emissions from the combustion process (light orange bars), which
is due to the high energy efﬁciency of the main CHP plant in the
system (in Sønderborg). Concretely, combustion WtE contributed
with only marginal net savings, starting at 30 kg CO2 eq. FU1 in
System 1 and growing to 70 kg CO2 eq. FU1 in System 5, depending
on the approach to system expansion. The small increase in net
savings between System 1 and System 5 was connected to the
gradual change in residual waste composition between the sys-
tems, as more recyclable materials were diverted from incineration
to recycling. Together, the removal of moisture rich organic waste
(increase of LHV from 10.5 to 13 MJ kg1) and the correlated
decrease in use of auxiliary fuel had the combined effect that
slightly more net energy was produced per unit carbon content in
the waste. With waste import discounted (Fig. 4B), net savings for
the WtE part of the systems increased from 30 to 50 kg CO2 eq.
FU1, while this was more visible when accounting for imported
waste in the systems, where the net savings increased from 30 to
70 kg CO2 eq. FU1.
3.2.2. Recycling, avoided landﬁlling and biowaste management
Recycling, which is presented in Fig. 4A/B as the net of induced
reprocessing and avoided virgin material production, was the main
contributor to net GWP savings, with 300, 450/460 and 480/490 kg
CO2 eq. FU1 in Systems 1, 2 and 3 respectively. The second values
for the latter two systems denote the marginal but visible
Fig. 4. Main GWP results (per functional unit): (A) full system expansion; (B) partial system expansion (without import), and (C) GWP sensitivity results: ﬁrst two staked columns
show results for biomass import (SA 3), and the last three show results for ﬂexible vs. continuous energy (SA 2).
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contribution added by metal recovery and recycling from the bot-
tom ashes of imported waste (i.e. only with full system expansion).
The optimization of the kerbside commingled collection in System
3 contributed with minor additional GWP savings to the ones
already achieved in System 2 (ca. 30 kg CO2 eq. FU1, Fig. 4B).
Nevertheless, the characteristics of remaining residual waste
changed signiﬁcantly, allowing for the import of additional waste,
which then reﬂects in the higher savings achieved by System 3
when import is accounted (Fig. 4A).
The results also pointed out that avoided landﬁlling of waste in
the UK represented a “hot spot” for GWP, as net savings attributed
to this process contributed with around 80% of the difference be-
tween full system expansion and partial expansion for any analysed
system scenario. The remaining 20%, as explained before, was due
to increased efﬁciency of combustion WtE. Results in Fig. 4A/B,
however, are a reﬂection of the baseline assumption that the type of
avoided landﬁlling was sanitary landﬁll without LFG utilization for
energy. Under this assumption, tested later through a sensitivity
analysis, net savings due to avoided landﬁlling were 53, 65 and
109 kg CO2 eq. FU1 for System 2 (diverts 90 kg FU1 of waste from
landﬁll), System 3 (114 kg FU1) and System 4 (186 kg FU1),
respectively.
The introduction of the Bio-bin in System 4 had relatively un-
expected implications for the GWP proﬁle of this system, as it
lowered overall savings compared to System 3. Discounting waste
import (Fig. 4B), System 3 and 4 achieved almost equal GWP sav-
ings in terms of avoided marginal energy. However, the GWP bur-
dens related to biogas production and utilization, combined with
burdens from digestate handling, were higher in System 4
compared to direct combustion of the biowaste fraction in System
3. The reasons for this have to do partly with the energy demand of
the biogas plant (which includes hygienization of the biowaste) and
the local soil conditions (negligible C binding of remaining C in
digestate). In addition, both digestates from mono- and co-
digestion fell under waste regulation criteria, with the implica-
tion of legal limitations for application of fertilizers. This limits both
the application on N and P to soil, with the consequence that only a
fraction of the nutrient content could be accounted to replace
mineral fertilizers (Section 2.4.4). On the other hand, co-digestion
of biowaste with manure in System 5 improved the GWP proﬁle
of the system due to increased energy production and avoided
burdens from conventional manure management (particularly due
to avoided CH4 emissions to the atmosphere during raw manure
storage).
Other system components such as collection, transport and
treatment, including sorting processes and preparation for export
were net contributors to GWP. Collection and transport had a col-
lective burden of ca. 20 kg CO2 eq. FU1 in the baseline system and
reached 30 kg CO2 eq. FU1 or 40 kg CO2 eq. FU1 by System 5,
whether waste import is discounted or not. Physical treatment was
limited in the Reference system and accounted for 10 kg CO2 eq.
FU1, while it increased to 20/25 kg CO2 eq. FU1 by System 5. It can
be concluded that, although extensive transport networks and
treatment chains have been accounted in the model, their contri-
bution in terms of GWP did not, in any way, undermine the per-
formance of the systems which were based on increased source
separation and recycling.
3.3. Results from sensitivity analyses
3.3.1. (SA 1) waste composition and WtE efﬁciency
The sub-model results illustrated in Fig. 5 show the contribution
of processes associated with the import of 1 tonne waste, for the
different tested parameters. Results showing the inﬂuence of waste
composition on GWP savings are illustrated in Fig. 5A (CED results
are illustrated in Fig. S7 in the SD). Min and max values correspond
to the tested compositions, while the values for the actual RDF
imported in the system are illustrated with bars. With baseline
system parameters, namely imported low quality RDF and avoided
sanitary landﬁll without LFG utilization, the import and combus-
tion of one tonne of RDF in Sønderborg determined GWP savings of
nearly 700 CO2 eq. and 16 GJ eq. of primary energy savings. When
the avoided landﬁll process was changed to one with LFG utiliza-
tion, GWP savings decreased by around 30% (490 CO2 eq. tonne RDF1 )
and CED savings by around 12% (14 GJ eq. tonne RDF1 ). The extent of
this decrease in potential savings is important because it indicates
that even when efﬁcient landﬁlling is avoided, substantial savings
are still achieved with waste shipping and combustion in high ef-
ﬁciency WtE installations. Changing the composition of imported
waste to residual MSW or to high quality SRF had remarkably little
inﬂuence on the magnitude of GWP savings, with the net values
remaining relatively close to those for the baseline composition.
Looking into the contribution of different processes revealed the
reasons for this. On one hand, the variation in combustion and
landﬁll emissions was always balanced by the variation in savings
of marginal energy production. CED savings, on the other hand,
were directly correlated to the composition of imported waste, i.e.
its energy content and, therefore, the magnitude of savings varied
accordingly (Fig. S7 in the SD).
Changes in the efﬁciency parameters of the importingWtE plant
had a direct inﬂuence on the potential GWP savings (Fig. 5B). Here,
it was interesting to determine a potential efﬁciency threshold
where the beneﬁts of waste import may turn into burdens. This, in
turn, may allow commenting on how relevant the provisions of the
EUWFD are regarding the R1 efﬁciency factor, which is the basis for
permitting WtE plants to freely import combustible waste. The
results for this sensitivity analysis showed that with high efﬁciency
heat recovery only (84%), GWP savings related to the import of one
tonne of waste were still possible, but only by avoiding sanitary
landﬁlling without gas utilization. On the other hand, power pro-
duction only (15%) turned the balance towards burdens for both
types of avoided landﬁlling. As a remark, the power only sensitivity
scenario was purely theoretical, since the R1 criteria in this case
was not met. Finally, at the threshold of the R1 factor (given around
15% electricity and 12% heat recovery), savings were achieved when
landﬁlling without LFG utilization was avoided in the exporting
country. However, waste import induced net burdens in the case of
landﬁlls with LFG utilization.
This sensitivity analysis suggests the partial weakness of the R1
efﬁciency factor. According to the EUWFD, the combustion of waste
in R1 compliant installations is labelled “recovery” and not
“disposal”. Nevertheless, the results of this study indicate that, from
a GWP perspective, a landﬁll with LFG utilizationmay in fact be just
as efﬁcient as WtE installations bordering on the R1 threshold. This
denotes a disagreement in the purpose of the efﬁciency factor, as a
general indicator for treatment hierarchy. In reality, such an efﬁ-
ciency threshold cannot be ﬁxed, as it will always be dependent on
contextual factors. Differences in avoided marginal energy pro-
duction by LFG utilization in the exporting country and WtE pro-
duction in the importing country are an example of such contextual
factors. In this analysis, marginal electricity and heat, which are
avoided by waste combustion CHP (Denmark) and LFG utilization
on landﬁlls (the UK) were assumed to be the same. From a future
perspective, the possible beneﬁts of importing waste to DanishWtE
installations will be much lower because Danish electricity pro-
duction is expected to be increasingly based on renewables, which
have a lower GWP.
With regard to landﬁll types, open dumping scenarios have not
been included. It is, of course, expected that GWP savings will be
substantially higher if this type of landﬁll is avoided. In a nutshell,
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the combined results of this sensitivity analysis provide an
important lesson, i.e. that the composition of waste plays a rela-
tively minor role, with regards to GWP, secondary to the energy
recovery efﬁciency of the importing plant and to the type of avoi-
ded landﬁlling.
3.3.2. (SA 2) ﬂexible vs. continuous electricity production
One of the prime arguments for large scale implementation of
biogas and manure-biogas is the fact that it offers the possibility to
store and produce energy from bio-methane (upgraded biogas)
based on demand patterns. This is in contrast to combustion plants,
which have to run more or less continuously. This aspect is of
utmost importance in countries such as Denmark and Germany,
which have the transition to renewable energy high on the agenda.
The value of ﬂexibility comes especially from supporting an elec-
tricity system relying on high shares of intermittent renewable
electricity sources, such as wind, sun and wave power. Besides
having a very low-to-negligible GWP perMJ of electricity produced,
these intermittent power sources entail rather low operation costs
but high investment costs (Wenzel, 2010; Wenzel et al., 2014).
Thus, competing with these power sources, once installed, will also
become economically unattractive. Looking at ﬂexible vs. contin-
uous electricity production in the sensitivity analysis, the difference
in results was substantial (Fig. 4C e sensitivity results). Not sur-
prisingly, the avoided electricity due to non-ﬂexible WtE produc-
tion led to much lower savings, meaning overall lower system
savings (about 40%) compared to baseline results (Fig. 4A). Most
importantly, the introduction of the Bio-bin in System 4 did not
lower GWP savings compared to System 3 (as in the baseline re-
sults), while with additional manure-biogas in System 5, the dif-
ference in net system savings, associated to avoided energy by
using upgraded biogas, more than doubled compared to the base-
line. These results, reﬂecting real conditions in the time scope
chosen for this study, support the strategy of household organics
diversion from direct combustion processes.
3.3.3. (SA 3) import of biomass for WtE
Fig. 4C (sensitivity results) also illustrates the case of biomass
utilization as an alternative to waste import for System 4, the sys-
temwhich requires the largest import quantity. Biomass utilization
has very different implications from a GWP perspective depending
on the biomass source. In the case of forest thinnings (with negli-
gible GWP), import of biomass led to greater savings compared to
waste import, ca. 100 kg CO2 eq. additional savings per tonne initial
waste (functional unit). At the other extreme, biomass from boreal
plantations induced a worse GWP performance than the system
with import, but nevertheless, still resulted in small overall GWP
savings compared to no import at all. This was attributable to the
high energy recovery efﬁciency of the waste CHP in the case mu-
nicipality. The model was further tested by decreasing the efﬁ-
ciency of the plant, which led to subsequent results that negated
any savings and turned to burdens when the total efﬁciency of the
plant decreased just below 90% (10% electricity and 80% heat re-
covery). Beyond this threshold, the GWP burdens added by the
biomass provision became larger than the associated avoided
marginal energy production. This indicated that biomass as a so-
lution for incineration overcapacity is limited to the use of residual
biomass, which does not induce land use changes, and only in high
efﬁciency installations. However, assuming increasing economic
value in the future (due to constraints and high demand), residual
biomass and all biomass resources in general will tend to be
prioritized for higher value applications and most likely will not be
available to incineration plants.
3.4. Material efﬁciency of systems
Fig. 6 illustrates material efﬁciency results for Systems 1 and 3,
showing the difference in recyclable materials captured by separate
collection and metals recovered from combustion residues, ac-
counting for all subsequent losses occurring through their man-
agement chains.
Several interesting aspects may be pointed out from Fig. 6. With
the introduction of commingled separate collection the capture
rates of several material fractions increased considerably, including
paper, paper and cardboard packaging, glass and plastics. For
metals, there was only a 10e20 wt.-% increase in recovery of
aluminium and ferrous metals, between System 1, where most
metals are recovered from ash, and System 3, where separate
collection is predominant. Thus, metal recovery from bottom ashes
(green bars) contributed signiﬁcantly to material recycling, despite
the fact that losses due to oxidation and volatilization occur
compared to source separation. Notwithstanding the clear
Fig. 5. Sensitivity results (per tonne imported waste): the inﬂuence of material composition (A) and efﬁciency of combustion WtE (B), relative to the shipment and utilization of one
tonne of combustible waste.
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contribution of metal recovery from ash to resource recovery and
CO2 eq. savings, the process is not always included or its contri-
bution is not evident in most studies comparing alternative
MSWMS, e.g. recent studies Giugliano et al. (2011), Koci and
Trecakova (2011), Larsen et al. (2010). Also visible in Fig. 6 was a
higher difference between Systems 1 and 3 in terms of recovered
waste paper and avoided primary production. This was explained
by the fact that, in System 1, all paper waste is sent to a mill pro-
ducing egg treys, a process allowing for a relatively high substitu-
tion ratio of primary production, due to lower product quality
criteria. In System 3, however, the paper is sent to paper mills, a
process with higher quality criteria and, therefore, with a slightly
lower substitution ration. Nevertheless, if the same aspect is seen
from a GWP perspective, paper recycling to new paper has higher
beneﬁts compared to recycling to cardboard products (ca.1.6 kg CO2
eq. compared to 1 kg CO2 eq. per kg avoided primary production).
Another important aspect addresses plastics. Plastic fractions dis-
played low recycling and substitution rates despite substantial in-
creases in separate collection (reaching nearly 50% in System 3).
Losses in the processing chain of plastic fractions were modelled
based on results from recent pilot and full scale studies performed
in the Netherlands (Jansen, 2012; Van Velzen et al., 2013), which
demonstrated that mixed plastics recycling is difﬁcult and implies
substantial losses, due to a number of aspects such as miss-sorting
at the household level, impurities in source-separated plastic and
losses both in plastic sorting and reprocessing plants. With the
additional consideration of quality differences compared to virgin
polymers, avoided primary production can be accounted on
average to be below half of the collected plastics amount.
3.5. Limitations
It is important to note that the outcome of MSWMS compari-
sons is circumstantial (Cleary, 2009; Laurent et al., 2014). Among
key aspects on which the outcome will depend are: (1) energy
recovery efﬁciencies (power production or CHP), (2) the nature of
the background energy system and therefore marginal technolo-
gies displaced by energy recovered from waste, and (3) separate
collection efﬁciencies of recyclables and biowaste. These conditions
display large spatial and temporal variations. In this study the
combined baseline evaluation results of the ﬁve systems and sub-
sequent sensitivity analyses, reveal how the comparison depends
on these conditions. The case itself demonstrates the high beneﬁts
of enhanced separate collection and recycling strategies even under
the conditions of a management system dominated by a very efﬁ-
cient WtE facility. Therefore, the conclusions of this study would be
valid for almost any other MSWMS throughout the world. The
study also reveals the high environmental signiﬁcance of the
liberalized waste trade in the EU, if shipments of waste happen at
the expense of disposal operations with a higher impact that
combustion WtE. This result, pertaining to implications of strategy
changes for existing treatment infrastructure, is meaningful for any
self-sufﬁcient MSWMS in Europe and around the world, on the
condition that waste can be traded for treatment.
The assessmentmetrics in this studywere chosen on the basis of
available data on process environmental exchanges. Performing an
impact assessment for other relevant toxic and non-toxic impact
categories would have required large datasets and can constitute
the subject of future research. Findings by Laurent et al. (2012)
suggest an overall good correlation between GWP and other LCA
environmental impact scores (categories), i.e. non-toxic, toxic and
depletion of natural resources, when analysing a wide range of
different products, services or technologies. Nevertheless, products
or systems fulﬁlling similar functions (groups) may sometimes
have similar GWP but other relevant environmental impacts which
differ signiﬁcantly. However, the use of energy demand indicators,
as with CED in this study, can serve as an acceptable proxy (Laurent
et al., 2014) for other impacts categories as shown by Huijbregts
et al. (2006) for stratospheric ozone depletion and resource
depletion indicators for waste treatment processes.
Fig. 6. Material efﬁciency results: material ﬂows across the treatment chain in the Reference system and Mature Dual-stream system.
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4. Conclusions
This study has evaluated the implications, in terms of resource
recovery, GWP and CED, of a transition from a self-sufﬁcient waste
management system based on minimal separate collection and
efﬁcient WtE, towards a system with gradually extended separate
collection of recyclable materials and biowaste. Such transitions are
shown to involve complex effects beyond changes in waste ﬂows
and subsequentmanagement of these and this is due to interactions
with existing treatment infrastructure, such as WtE capacity. A key
assumption validated in the study is that increased material diver-
sion towards recycling does nothappen at the expense of lessWtE in
such systems because thenewlyestablished Europeanwastemarket
supports the utilization of freed capacities through waste transfers
from regions lacking treatment capacity. The existence of such a
market permits the deﬁnition of a European-wide waste manage-
ment marginal, identiﬁed herein as the least preferable waste
treatment option according to the WFD e disposal through land-
ﬁlling. As a result, substantial GWP and CED savings could be
credited to these systems because freed WtE capacity was used to
treat imported waste, which would have otherwise been landﬁlled.
Systemexpansion to include cascading effects induced by treatment
overcapacity is advocated in the comparison of waste management
systems where such effects are observed or expected.
Under some conditions waste shipments for energy recovery
were found to be detrimental from an environmental perspective,
which suggests the partial weaknesses in how the EU WFD deﬁnes
recovery based on the threshold values of the R1 efﬁciency factor.
This is the case for WtE plants with efﬁciencies close to the
threshold, where import of waste and thus diversion from landﬁll
can be detrimental from a GWP and CED perspective if efﬁcient
sanitary or bioreactor landﬁlls with LFG utilization for energy
production are avoided.
The transition towards a waste management system based on
comprehensive separate collection was found to be advantageous
even without the inclusion of cascading effects engaging waste
imports. Under current framework conditions, biowaste separate
collection and anaerobic mono-digestion, was found weaker when
compared to high efﬁciency combustion WtE, due to additional
energy losses and relative small GWP beneﬁts of replacing mineral
fertilizers. Separate management of biodegradable waste was
however a better strategywhen considering the impact of changing
framework conditions, i.e. increasing shares of renewable energy,
and when recovered biomass contributed to increased anaerobic
digestion of animal manure.
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Executive summary 
 
The structure and objectives of the study 
This work adressed the current and potential (future) efficiency of domestic household waste management 
in the region of Funen, in terms of material recovery, carbon footprint and economic costs. This report was 
structured in three parts consisting of: 
 Part 1 contains a comprehensive mapping and characterization of the existing (2013) waste 
management system in the region of Funen, including waste collection schemes, waste flows and 
treatment facilities; 
 Part 2 documents the methods used and the results following (1) mass flow modelling of the 
current and alternative waste management systems designed for the region, and (2) carbon 
footprint assessment of the modelled systems; 
 Part 3 documents the methods and results following a budget-based economic analysis of systems. 
The main objective was to assess current practice and to explore potential avenues/strategies which would 
lead to (1) higher separate collection and recycling rates, and (2) potential climate change savings, while 
also evaluating the potential costs of new initiatives. A specific focus of this work was to go beyond today ’s 
background framework conditions and include an assessment of the significance of the changes in 
backgroung conditions, such as overall Danish policy, strategies and ambitions for future renewable energy 
integration and climate change mitigation. This implied a modelling of waste management in four 
background time perspectives: (1) the Present or 2012-2020, (2) Mid-term or 2020-2035, (3) Long-term or 
2035-2050, and (4) Beyond 2050. Future energy marginals and prices have high levels of uncertainty, 
however they do reflect the most likely direction of societal development, as they represent consensus 
energy policy targets laid out by both the present and the two former Danish governments. 
The modelled waste management systems consisted of 6 main systems each with 4 variants, for a total of 
24 main system designs. These are known as foreground systems. The 6 systems represent the current 
(2013) system in the region and five alternative systems, which reflect possible changes in separate 
collection such as the introduction of biowaste and commingled recyclables (dual-stream) collection. The 4 
variants of each system are connected to the treatment of remaining residual waste, which was 
incineration or central sorting (three variations of central sorting).  
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Table 01: Matrix of systems modelled in the assessment; SF= single-family, MF = multi-family 
 
 
 
 
 
 
 
 
 
 
 
 
 
The carbon footprint assessment was based on the so-called consequential approach1.This comprises the 
modelling of system expansion in those cases, where the choice of waste management approach influences 
adjoining systems. When changing waste management, waste flows are re -directed towards new 
applications, and this in turn leads to influences on the systems within both energy and agricultural sectors 
as well as parts of the waste management sectors itself. When, for example, biowaste is seperately 
collected, one scenario is to model it as co-digested with manure. The influence on the agricultural system 
in this case can be one of two options: either (1) it attracts more manure to be digested instead of direct 
spreading on soil (reference manure management), or (2) it replaces other carbon rich substrates for biogas 
production such as energy crops. Therefore co-digestion is credited with savings from either avoiding the 
reference manure management or with avoiding the whole production chain for an energy crop.  Another 
example, diversion of waste from incineration plants towards recycling and/or biological treatment 
liberates incineration capacity, which can be offered on the waste market. Import of combustible waste, 
already happening in Denmark, implies avoiding the treatment of this waste in the exporting country, 
which typically is based on disposal operations (landfilling).  
In the progression of the Danish energy system from now until beyond 2050, biomass plays a role in both 
electricity, heat and transport fuel production. On the marginal, this biomass  is modelled as being 
imported.  But the global biomass marginal is not necessarily as constant, but may well be 
dynamic/progressing as time goes and global biomass demand increases.   
In the carbon footprint assessment two different perspectives have, thus, been modelled: (1) a progressive 
biomass marginal, that reflects an increasing demand for biomass over time and (2) a dirty biomass 
marginal, which reflects the use of biomass with a high carbon footprint in all four time perspectives.  
Combined, all 24 foreground system scenarios are assessed against a large variety of background system 
combinations, resulting in a total of 896 different sets of carbon footprint results. This comprehensiveness 
was justified by the fact that the nature of the background system is known to be most decisive for the 
                                                                 
1 Based on consequential LCA rationale, only processes reacting to the changes implemented in the management system were included, i.e. 
processes reacting in both the foreground systems and background systems of energy and materials production. This implies modelling of so-called 
marginal supplies/ marginal data. 
Systems 
archetypes 
Separate collection Treatment of remaining residual waste 
WtE:  
Incineration 
CHP 
CS-ADwet: 
Central sorting 
with wet 
digestion 
CS-ADdry: 
Central sorting 
with dry 
digestion 
CS-Biodry: 
Central sorting 
with biodrying 
System 0 Existing schemes 0-WtE 0-CS-ADwet 0-CS-ADdry 0-CS-Biodry 
System 1 Existing schemes + 
Biowaste SF 
1-WtE 1-CS-ADwet 1-CS-ADdry 1-CS-Biodry 
System 2 Existing schemes + 
Biowaste SF and MF 
2-WtE 2-CS-ADwet 2-CS-ADdry 2-CS-Biodry 
System 3 Dual-stream 3-WtE 3-CS-ADwet 3-CS-ADdry 3-CS-Biodry 
System 4 Dual-stream + 
Biowaste SF 
4-WtE 4-CS-ADwet 4-CS-ADdry 4-CS-Biodry 
System 5 Dual-stream + 
Biowaste SF and MF 
5-WtE 5-CS-ADwet 5-CS-ADdry 5-CS-Biodry 
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carbon footprint results and the comparison between alternative foreground systems. By including this 
many variants of background systems, the study is very robust to any questions and ‘aber dabei’s’. The 
nature of the results in this way becomes a ‘pattern’ characterizing the differences between compared 
alternatives under the most probable varying future background conditions, and it supports understanding 
the robustness of conclusions and the dependency on future developments in background systems. 
In the economic analysis we took different costing perspectives regarding the utilization chain for 
biomethane and Refuse Derived Fuel (RDF), respectively. For the biomethane use, we modelled either (1) 
biomethane combustion with production and sale of heat and electricity, or (2) biomethane direct sale to 
the gas grid, and for the RDF, we modelled either (3) RDF utilization for CHP or (4) RDF utilization in a “heat 
only” boiler. 
 
Waste management in the region of Funen 
The geographical scope of the study covers all 10 municipalities in the region, with a total of 486,000 
inhabitants. The 226,000 households in the region were devided based on type of residence into single -
family (73 %) and respectively multi-family (27 %). 
The current waste management aproaches in the region bear significant differences with regard to 
separate collection schemes. Small amounts of biowaste is collected in two municipalities (Kerteminde and 
Nyborg) and composted locally. Most common is kerbside collection of paper, cube collection of paper and 
glass and recycling centres which receive all of the focal recyclable material fractions. Residual waste is 
universally sent to incineration, with most of it being combusted in Odense and the remaining  in 
Svendborg, while a small portion is transferred to Kolding, Jutland. Most sorting and quality checking of 
recyclable materials is performed locally, however no actual recycling operations take place in the region.  
 
277,000 tonnes of municipal solid waste (MSW) was collected in the municipalities per year (2013). This 
includes garden waste, wood, small and large combustibles, plastics, metals, glass, cardboard, paper, food -
waste and residual waste (the figure does not include hazardous waste and some bulky waste fractions). Of 
this total figure, some waste streams were not relevant for this study, mainly because their generation and 
management would not be affected by changing property close collection schemes. Therefore, after the 
subtraction of streams such as garden waste, wood, small and large combustible, the functional unit2 of this 
study was defined as 157,007 tonnes of daily generated domestic household waste. Based on the defined 
functional unit, 694 kg of daily household waste is generated per household in the region of Funen per year 
(2013). This consists of 189 kg of recyclable material (paper, cardboard, glass, metals, plastics) and 11 kg of 
separately collected biowaste, while the remaining 494 kg is collected as residual waste. 
 
Mass flow modelling results 
The five simulated alternative systems were shown to potentially increase separate collection in the region 
from the current 29 % to 50 % with introduction of source separation of biowaste (covering all households), 
to 41 % with separate collection of recyclables in a kerbside dual-stream, and to 63 % with both biowaste 
and dual-stream separate collection. 
                                                                 
2 The functional unit is the management of 157,007 tonnes of waste, thus all material a nd energy flows, as well as system burdens and savings, are 
thus related to this quantity of waste. 
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Figure 01: Summary of material efficiency results 
Recovery of metals from incineration ash was shown to contribute an additional 1-2 % to material recovery 
in the region, while central sorting could contribute between 3 % and 5 %, with recovery of metals and 
plastics (depending of the source separation in the system). 
 
Carbon footprint results 
The overall results showed that the potential for climate change mitigation (GHG emission savings) 
associated with waste management in the region is substantial. Further, that the significance of background 
system development is very large, and that future waste management strategies, therefore, should 
consider the development towards 2050 of the background energy system in Denmark.  
The change from residual waste incineration to central sorting (both with the current separate collection 
system and the alternative dual-stream), was shown beneficial from a global warming perspective in all 
four background time periods. This was due to a threefold contribution by central sorting to: (1) GHG 
savings by material recovery for recycling, (2) GHG savings by contributing to flexible power and heat 
production, and (3) GHG savings from combustion of imported combustible waste, due to liberated 
incineration capacity. 
Biowaste separate collection was found to contribute to significant GHG savings compared to incineration 
of the organic fraction, especially when co-digested with manure. With regard to the two consequential 
perspectives, i.e. avoided reference manure management and avoided production of energy crops, the 
latter was found to have the largest GHG savings potential, due to avoided direct and indirect land use 
changes associated with the production of energy crops. 
The combination of separate collection of biowaste and central sorting of remaining residual waste 
appeared to yield the largest GHG savings in the future time perspectives. 
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Figure 02: Summary of carbon footprint results 
 
Budget-based economic analysis results 
The analysis showed that an overwhelming large share of total system costs are due to waste collection, in 
all systems covering more than 50 %. The installation of biowaste and dual-stream collection in every 
household in the region was shown to lead to a near doubling of collection costs, however this could be 
subject to a more detailed investigation of options for optimization. 
In general, two of the system variants with central sorting (with wet and dry digestion of organics) had 
higher net system costs compared to the variants with waste incineration in all four time perspectives, with 
one exception. This was in the Long-term perspective, when biomethane was assumed sold and replaced 
on the market synthetic gas produced from biomass (SNG). In other words, when/if the displaced methane 
marginal at some point becomes a SNG from biomass-based synthesis, the economy of converting biowaste 
into biogas will be significantly better than the other alternatives.  The third system variant with central 
sorting (with biological drying) achieved similar results as waste incineration and in the costing alternative 
with RDF utilization in a district heating boiler, it showed potential for cost reduction compared to 
incineration. 
Future price differences between continuous (base) and flexible (regulating) production of electricity and 
even heat (by storing RDF for winter use), have the potential to improve significantly the net system costs 
of especially system variants with central sorting, as they support the maximum possible system flexibility.  
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Figure 03: Summary of costs results, as net system costs in the costing perspective with biomethane sale and RDF 
use in a heat only boiler. 
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Introduction 
This section will be used to introduce the motivation for the study, mostly referring to changes occurring in 
framework conditions which are affecting waste management in Denmark and experiences with different 
waste management approaches. 
Framework conditions 
“By 2020 the recycling of waste materials such as at least paper, metal, plastic and glass from households 
shall be increased to a minimum of overall 50 % by weight (European Comission, 2008)”. 
Such is the target defined by the European Union´s Waste Framework Directive 2008/98/EC Article 11 on 
Re-use and Recycling. This target should be achieved in all member states in order to move towards a 
European recycling society (European Comission, 2008). The member states (such as Denmark) should 
implement separate collection of at least paper, metal, plastic and glass. Article 22 of the Waste Framework 
Directive refers to biowaste (organic) collection and encourages member states to implement separate 
collection of biowaste with respect to compost or otherwise treat it in a way that “fulfils a high level of 
environmental protection” (European Comission, 2008).  
The Danish Government has implemented this in a national resource strategy (The Danish Government, 
2013), in which the targets are specified; a minimum of 50 % of the household waste material fractions 
(including organic waste, paper, cardboard, glass, wood, plastic and metal waste) should be recycled rather 
than incinerated by 2022. Based on this the Danish municipalities have to implement whatever collection 
scheme they find appropriate in order to reach these common goals.  
Other framework conditions can be related to the Danish ambitions to be using 100 % renewable energy 
sources in 2050 (The Danish Government, 2011). The transition towards such an energy system comes with 
specific challenges, such as the integration of large shares of fluctuating renewable sources like wind and 
solar. For this reason, the energy system of the future will rely on capacity to store surplus energy in 
various ways and to produce electricity in a flexible manner from sources such as biomass. Waste 
incineration contributes in Denmark significantly today to energy production (i.e. 5% of electricity and 20% 
of heat) and therefore waste energy could play a significant role in the future. However, incineration has to 
run more or less continuously, which means that in the future it will sometimes compete with wind 
electricity. What is needed is to store the energy in waste and use it to replace other sources, i.e. biomass 
for electricity, when the wind is not blowing or fuels for transport.  
Lastly, most Danish biogas plants are based on manure, and a lot of the plants seek to supplement this with 
other biological material to reach a higher dry matter content and thereby a higher biogas yield which will 
make the plants more economically profitable (Birkemose et al., 2013). The energy settlement from 2012 
has the objective to increase biogas production through increased subsidies, which was intended to 
increase utilization of manure for biogas production to 50 % by 2020 (Energistyrelsen, 2014). Biowaste from 
separate collection can in this case be used as an alternative co-substrate in manure-biogas plants, 
potentially replacing other co-substrates such as energy crops, which entail significant environmental 
burdens.  
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Challenges of implementation in Denmark 
Given by the resource strategy, Denmark must almost double the recycling rates from household waste 
from 22 % in 2011 to 50 % by 2022 (The Danish Government, 2013).  This has been met with some critique. 
For one thing, the responsibility is given to the municipalities with not much guidance on how to approach 
this. This goes for questions as how to do it and with respect to quantity/quality requirements of the sorted 
fractions (Ingeniøren, 2013b). Another thing is the influence the resource strategy has on the waste 
incineration sector (waste-to-energy, WtE), since the supply of household waste to the WtE´s will be 
reduced by an estimated 25 %.  Also the economic advisers have criticized the economic foundation of the 
transition from incineration towards recycling (Det Økonomiske Råd, 2014). Diversion of waste towards 
recycling will inevitably mean that less energy will in total be recovered from the remaining waste. Further 
diversion on biodegradable waste towards bio-gasification will limit waste remaining for direct waste 
incineration. The existing waste incineration infrastructure can however still play an important role. Freed 
incineration capacity can be used to treat waste imported from other European countries and this can 
induce substantial environmental benefits, if this waste would be otherwise landfilled.  
Already a consequence of decreasing waste availability (financial crisis) has resulted in overcapacity at 
many incinerators around Denmark. In 2013 it was published that 10 out of 27 i ncinerators import waste 
from countries that lack capacity (Ingeniøren, 2013a). Benchmarking of the waste sector also emphasize 
this problem with overcapacity being filled by imported waste or biomass (Dansk Affaldsforening et al., 
2013). One common attitude is that incineration is highly efficient in Denmark (recovery of both heat and 
electricity) and it is difficult to accept that we as a nation should phase out waste incinerators. Many of the 
plants are well maintained and thereby still have a long lifetime, and business will have to continue; 
whether it happens with Danish or foreign waste or even bio-fuels is an important question.  
Waste management approaches 
In Denmark public collection points (cube systems) and recycling centres have been well implemented and 
used for disposal of different recyclable material fractions. Kerbside collection of recyclables has been seen 
in some municipalities since 1980’ies, and in the last decade more municipalities have followed the idea.  
Although the EU’s waste legislation regarding MSW and packaging waste clearly mandates source 
separation as the main recovery path, it still allows for alternative schemes in which recyclable materials 
are sorted from residual MSW. Separate collection has been widely implemented throughout Europe, 
however, most successfully in non-urban areas. In urban areas, the participation (citizens’ engagement) is 
often poor resulting in low source separation efficiency and higher contamination levels of separated waste 
streams (DAKOFA, 2014, Dahlén and Lagerkvist, 2010). Further, separate collection systems often lead 
to increased overall collection costs.  
Recovery of recyclables from residual MSW at central sorting facilities contributes today significantly to the 
recycling rates of MSW and packaging waste in countries such as Spain, France and Greece. In Austria this 
approach is used to supplement separate collection in four large cities (for plastics), which display lower 
household source separation participation. Around 10% of municipalities in the Netherlands have chosen 
central sorting of residual MSW as the main route to recovery of plastic packaging. Pilot and full scale 
studies in the Netherlands and Germany have demonstrated that the quality of metals, plastics and 
beverage cartons is not substantially different if these materials are sorted at the households (and collected 
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separated or commingled) or are centrally sorted by machines when collected mixed with residual 
waste(van Velzen et al., 2013b, van Velzen et al., 2013a). Furthermore, the differences in quality do not 
adversely affect the downstream recycling processes (Luijsterburg and Goossens, 2014). However, for 
plastics and beverage cartons, there is a difference in legal status, since these materials have been in 
contact with residual waste, with the consequence that they cannot be recycled back to food packaging 
(Lighart et al., 2013). In reality, this is not such a big issue because in countries with separate collection of 
household packaging waste, these materials are anyway not recycled back to food packaging, but more that 
often are downgraded to less demanding applications, such as flower pots, pipes, garbage bags or even 
sound barriers and outdoor furniture.  
Regarding biodegradable waste, several technologies exist today which are applied in full scale or pilot 
scale, and which are able to extract biodegradable waste fractions from mixed waste into a biomass output 
intended for anaerobic digestion. For example, in Denmark, REnescience developed by DONG and Ecog i 
developed KomTek Miljø are promising techniques for such separation. Internationally, an extrusion press 
developed by the Dutch company db technologies BV and the Italian company VMpress s.r.l. is being used 
in full scale in several European countries for this purpose. Initial studies regarding the quality of the 
biomass recovered with these technologies suggest that it is similar to biomass recovered through separate 
collection programmes and subsequent pre-treatment. Nevertheless, because centrally recovered biomass 
has been in contact with residual waste, there is a higher risk for occasional occurrence/peaks in certain 
contamination (e.g. heavy metals, plastic additives), and therefore the options to manage digestion 
residues will most likely be more l imited (i.e. application to soil) in comparison to source separated 
biowaste. 
Danish municipalities are though hesitating when suggesting central sorting as an option. This is partly 
because the tendency is that they want to inform and educate the citizens to be responsible with regard to 
waste disposal, but it is also because they don’t want to compromise on having a safe and healthy working 
environment for their employees. The challenge will therefor also be to create a fully automated sorting 
line that will not endanger the health of any employees.  
Goal statement 
The core of this project concerns waste management of household waste in the region of Funen, Denmark. 
In cooperation with the municipalities on Funen and taking an off -set in the newly proposed Danish 
“Resource strategy”, the aim is to give a technical, environmental and economic evaluation of alternative 
ways of managing the waste treatment and material recovery while at the same time achieving the greatest 
synergy with the energy system of the future.  
To achieve this, a number of alternative systems will be designed and modelled, and these systems will be 
compared from the perspectives of resource recovery efficiency, Global Warming Impact potential and 
total system costs/ benefits. The systems will comprise different degrees of and solutions to separate 
collection, automated central sorting, materials recovery for recycling, biowaste separation with different 
uses of the bio-fraction, and waste incineration for energy recovery.  
The project will open the way for municipalities to make sound decisions regarding which strategies to take 
towards collection systems, increasing recycling rates, biowaste use and optimizing the use of waste -to-
energy. 
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1 Part 1: Mass flow assessment of current MSW management in 
the region of Funen 
Part 1 of this report documents the methods used and results obtained from the data collection regarding 
the establishment of the current/reference waste management system in the region of Funen. This includes 
a thorough description of the catchment area from demography to waste management approaches and 
material collection.  
1.1 Methods - Data collection 
In order to map in detail the baseline system of current management of household domestic waste in the 
municipalities on Funen (including all relevant actors), all the involved municipalities and renovation 
companies have been contacted to provide information.  
The data collection was based on a questionnaire, which was meant to open the dialog with each of the 
parties involved. This was divided into different categories; (1) material quantities and collection schemes, 
(2) characteristics of mixed waste streams (e.g. residual waste), (3) transportation/collection parameters, 
(4) transfer stations/ municipally owned sorting facilities, (5) actors/end-stations for the materials, (6) costs 
related to point 4 and (7) future plans for the waste management system.  
The questionnaire lead to interviews by mail, phone or personal meetings in order to get a proper 
understanding of the information as well as collecting missing data. Category 1, 3, 5 and 7 have been 
answered in details by all municipalities. None of the municipalities (except Odense as part of the 
characterization of average Danish household waste in (Petersen et al., 2014)) had any information on the 
composition of the mixed waste streams (2). Few municipalities had transfer stations or municipal owned 
sorting facilities whereby category 4 and 6 was difficult to comment on. Supplementary data related to 
costs of the waste management system has been collected subsequently.   
Denmark’s Statistics have been used in order to characterize the catchment area of Funen on other 
parameters like population and residential types. 
1.2 Characterization of the region of Funen 
The region of Funen (the main island of Funen incl. Langeland 
and Ærø) has served as the waste catchment area boundary. 
Funen has a geographically central position in Denmark, Figure 1, 
and the area consists of 10 (very different) municipalities.  
This section will be used to describe demographical parameters 
of the catchment area and to give an overview of the waste 
management systems found in the 10 municipalities.   
  
 
Figure 1: Location of the region of Funen 
(dark green), Denmark 
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1.2.1 Demography of the catchment area 
The catchment area consists of 10 municipalities which overall account for 486,000 inhabitants and 
226,000 primary households. 
Figure 2 illustrates how the population is distributed between the municipalities on Funen (left) and the 
population densities within each municipality (right). 
 
  
  
Figure 2: Illustrations showing distribution of population in % within the region of Funen (left) and population density in 
persons/km2 in each of the 10 municipalities (right) (GIS info and Danmarks Statistik). The more intense the colour is, the larger 
the share/number.  
The population is not equally distributed throughout the region; a concentration of inhabitants is found in 
Odense municipality. 40 % of the total population in the region resides in Odense municipality, and this is 
also the municipality with the largest papulation density (640 persons/km2), which corresponds with 
Odense being the third largest city in Denmark. The average population density in the other 9 
municipalities is around 100 persons / km2. In the other end of the scale we have Langeland municipality, 
which has only a small share of the total population (2.6 %) and the lowest population density (44 
persons/km2). Faaborg-Midtfyns municipality accounts for a fairly large share of the population (10.5 %) but 
also the largest area, which leads to a relatively low population density.  
According to Danmarks Statistik, rural areas (landdistrikter) are defined as areas with scattered buildings or 
coherent estate with less than 200 inhabitants. The ration between population in urban and in rural areas 
in each municipality has been illustrated in Figure 3. In Odense municipality only a small share of the 
population live in what has been defined as rural areas, which corresponds to the previous presented 
characteristics of dense population within the municipality. Langeland and Nordfyns municipality have the 
largest share of population living in rural areas (~40 %), whereas the most common share is around 25 %. 
As an average for all the municipalities the share of rural areas is 16 %, which is mainly due to the weight of 
the tendency in Odense municipality.  
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Figure 3: Ratio between population in urban and in rural areas in each of the 10 municipalities on Funen (according to Danmarks 
Statistik, 2014).  
In terms of residential types the population can be distributed between single -family and multi-family 
households. Single-family households include villa and terrace housing, whereas multi-family households 
include apartment/storey buildings and residential halls (kollegier). Single-family households are 
characterized by higher numbers of residents and thereby more residual waste generation per household 
(Petersen and Domela, 2003). Each household has its own bin and its own responsibility towards sorting 
etc. Multi-family households on the other hand are typically characterized by a lower number of residents 
and also less residual waste generation per household. This category of residents is though also expected to 
feel less responsibility towards discarding material in a proper manor (sorting scheme), because they have 
to share the bins with others. Dansk Affaldsforening has (based on a quantitative analysis (Dansk 
Affaldsforening, 2013)) made four “waste profiles” that differentiate between the levels of engagement 
towards proper waste management within the Danish population. People living in apartments tend to be 
more the “convenient”-profile or the “indifferent”-profile, which means that sorting waste for this type of 
population is not all about the greater good, but more about convenience and whether it takes too much of 
an effort to do so. Single-family households usually have more space to store material (recyclables) in order 
to bring them to the recycling centres, whereas multi-family households finds it less convenient to do so 
because of lack of space. 
Figure 4 illustrates the share of single family (left) and multifamily (right) households in each of the 10 
municipalities in the region of Funen. The two illustrations mirror each other since they together represent 
100 % for each municipality.   
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Figure 4: Map illustrating share of single family households (left) and multifamily households (right) in the 10 municipalities in 
the region of Funen, Denmark. The stronger the colour, the larger is the share of the specific type of households.  
The high population density in Odense municipality is reflected in the very large share (44 %) of multi -
family households. Most of the municipalities have a share of 10-15 % multi-family households. Svendborg 
and Nyborg municipalities have a slightly larger share (~25 %) and lie in between. Nordfyns municipality has 
the lowest share of multi-family households of 7 %. Overall the region counts 226,000 primary households 
(2014) divided between 73 % single-family households and 27 % multifamily households. 
According to Danmarks Statistik other “uninhabitated” (ubeboede) housings are found in the municipalities. 
These are housings have no CPR number registered and thereby it is not a first priority address; it is 
secondary residences that have only part time use for example as vacation housing (fritidshuse). Some 
municipalities within the catchment area are more affected by this than others, Figure 5.  
Langeland is again standing out by having a lot of vacation housings and other secondary housings (40 %). 
Also Ærø and Nordfyns municipality have a large share of secondary housings (>24%),  whereas most of the 
municipalities have around 10 % of secondary housings. Odense also stands out as the municipalities with 
the lowest relative share of secondary housing.  
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Figure 5: Ratio between primary and secondary housings in the 10 municipalities on Funen.  
1.2.1.1 Sum-up:  
 The region of Funen consists of 10 municipalities with 486,000 inhabitants and an average population 
density around 100 persons/km2.  
 Unequal distribution of population in the region of Funen means that each municipality faces different 
challenges in terms of collection in rural areas, in heavy populated areas and in touristic areas. The 
logistic task of implementing new collection systems in the municipalities will differ between the 
municipalities.  
 A total of 226,000 households are included in the assessment and the ratio between single - and multi-
family households that will be used for this purpose is 73 % single - and 27 % multi-family households. 
The assessments in Part 2 and 3 of this report will represent the region of Funen as a single unit, not 
differentiating between the local characteristics of each municipality.   
 Secondary housings are occupied part time and waste will also be  generated from these. However, in 
this report every calculation (when made per capita or per household) will represent households and 
citizens with their primary address within the municipality.  
 
1.2.2 Waste collection schemes within the catchment area 
Different collection schemes are available within the catchment area, and this section will be used to 
present the collection schemes within the different municipalities in the region.   
To give an overview of the different collection systems available in each of  the 10 municipalities on Funen 
Table 1 has been created. This shows some similarities and a lot of differences between the different 
municipalities. The information represents 2013 status (however it is 2014 for Kerteminde and Middelfart 
and 2012 for Ærø). Table 1 already excludes some of the other materials which will not be included in the 
further assessments, such as wood and other material which are typically collected at recycling centres.  
The various collection schemes used in the municipalities can be categorized in three basic types of 
collection schemes: kerbside collection, cube system and recycling centres. Examples of these have been 
presented in Figure 6. 
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Figure 6: Examples of different collection schemes. Top: recycling centre with containers for several material fractions (Odense), 
Bottom left: kerbside bins ready for collection (Odense), Bottom right: cube system for glass (Odense). 
The most basic system can be found in Nordfyns municipality. The system includes kerbside collection only 
of residual waste. Paper and packaging glass can be collected in public collection points (cubes) and the 
recycling centres receive every kind of material.  Langeland municipality has similar basic system; this is 
though supplemented by scout collection of paper and cardboard.  
Simple expansions of the basic system include kerbside collection of single fractions like paper or organics. 
Odense and Assens municipality both have kerbside collection of paper or paper/cardboard as well as 
options of public collection points (glass or paper/card. and glass) and recycling centres for all recyclable 
fractions. Kerteminde and Nyborg municipality are the only ones collecting vegetable food-waste kerbside 
in a voluntary scheme. Other than that Kerteminde municipality has the basic system in terms of cube 
collection options (glass and paper/cardboard) and recycling centres. Nyborg municipality on the other 
hand has a district based system of partly kerbside collection of paper/cardboard and plastics and scou t 
collection of paper, cardboard and packaging glass. Also the cube system is slightly more advanced covering 
more material fractions (paper, cardboard, packaging glass, metals and plastics).  
More advanced kerbside collection systems can also be found in Faabrog-Midtfyn, Middelfart, Svendborg 
and Ærø municipality. They all use a system of mono-stream collection of paper, cardboard, glass, metals 
and plastics in clear bags (bin for paper in Middelfart). Faaborg-Midtfyn, Middelfart and Ærø municipality 
has an official system with bags provided by the municipality, whereas Svendborg collects recyclables as 
part of a bulky waste collection scheme mostly as a service used in the rural areas. Svendborg municipality 
has additionally scout collection of paper. These municipalities all offer the standard cube collection of 
glass and paper.  
It has been evaluated that material collected by scout collections will count as collected at recycling centres 
in the analysis, since scout collections are not a part of the offi cial collection schemes.  
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Table 1: Schematic overview of collection schemes in the 10 municipalities on Funen; an “x” is marked whenever a system is available. 
 
Residual Organics Paper Cardboard Glass Metal Hard plastics  Foil plastics Comments 
  K
e
rb
si
d
e
 
K
e
rb
si
d
e
 
K
e
rb
si
d
e
 
"S
co
u
t 
co
ll
ec
ti
on
" 
C
u
b
e
s 
R
e
cy
cl
in
g 
ce
nt
er
 
K
e
rb
si
d
e
 
"S
co
u
t 
co
ll
ec
ti
on
" 
C
u
b
e
s 
R
e
cy
cl
in
g 
ce
nt
er
 
K
e
rb
si
d
e
 
"S
co
u
t 
co
ll
ec
ti
on
" 
C
u
b
e
s 
R
e
cy
cl
in
g 
ce
nt
er
 
K
e
rb
si
d
e
 
C
u
b
e
s 
R
e
cy
cl
in
g 
ce
nt
er
 
K
e
rb
si
d
e
 
C
u
b
e
s 
R
e
cy
cl
in
g 
ce
nt
er
 
K
e
rb
si
d
e
 
R
e
cy
cl
in
g 
ce
nt
er
 
  
Assens x   x   x x x   x x     x x     x     x   x 
Paper and cardboard is collected as a mix 
fraction both kerbside and in cubes.  
Faaborg-Midtfyn x   x   x x x     x x   x x x   x x   x x x 
Kerbside collection of recyclables in clear bags 
(single fraction). Participation is voluntary.  
Kerteminde x x     x x     x x     x x     x     x   x 
Kerbside collection of organics is optional. It 
accounts for vegetable food waste and small 
garden waste. Paper and cardboard is collected 
as a mix in cubes (not intended). 
Langeland x     x x x   x   x     x x     x     x     Plastic fraction is a mix of soft and hard.  
Middelfart x   x   x x x     x x   x x x x x     x   x 
Clear bags for separate material 
(Card./Metal/glass). Separate bin for paper. 
Few cubes in areas of sommerhousing. 
Nordfyn x       x x       x     x x     x     x   x   
Nyborg x x x x X x x x x x   x x x   x x x x x     
Voluntary kerbside collection of vegetable food-
waste. 2 districts have kerbside collection of 
mixed card/paper (in bin) and mono plastics (in 
bags). Scout collection covers the 3. district. 
Plastic fraction is a mix of soft and hard.  
Odense x   x     x       x     x x     x     x   x   
Svendborg x   x x X x x     x x   x x x   x x   x     
Kerbside collection is part of "bulky waste" 
collection scheme. No separate collection of 
plastic foils.  
Ærø x   x     x x     x x   x x x   x x   x   x 
Kerbside collection in yellow/clear bags (single 
fractions / mixed paper/cardboard). 
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1.2.2.1 Residual waste management  
The residual waste is currently incinerated directly, and three waste incineration plants handle the residual 
(and other combustible) waste from the municipalities; Odense Kraftvarmeværk A/S, Svendborg Kraftvarme 
A/S and Energnist (Kolding3). Odense CHP and Svendborg CHP are both located within the catchment area, 
whereas Energnist is located in Kolding (Jutland). Only Middelfart sends (most of) their residual waste to 
Kolding (77 % according to 2014 data). Table 2 gives an overview of the actors and the quantity/share of 
generated residual waste within the catchment area, that each of the actors handle.  
Table 2: Overview of WtE actors and the quantity/share of residual waste handled by each of the actors  
Waste incineration plant (WtE) Quantity of residual waste 
[tonnes] 
Share of the residual waste 
Odense Krafvarmeværk A/S 82,687 72.6 % 
Svendborg Kraftvarmeværk A/S 22,081 21.1 % 
Energnist 7,022 6.3 % 
Total 111,790 100 % 
The quantities in Table 2 exclude small and large combustible waste collected at recycling centres.  
Figure 7 illustrates from which areas the three identified WtE plants receive residual waste.  Most of the 
waste is brought to Odense (42 % is generated in Odense municipality), which indicates that Odense CHP is 
by far the most important facility. Only the municipalities in the southern region of Funen (i.e. Langeland, 
Ærø, Svendborg and old municipalities of Ryslinge (Faaborg-Midtfyn) and Ørbæk (Nyborg)) send their 
residual waste for incineration in Svendborg, whereby having a plant in Svendborg reduces transport ation. 
Having a close connection to Trekantsområdet (Jutland) Middelfart is the only municipality sending part of 
the residual waste outside the catchment area.  
                                                                 
3
 Previously known as Trekantsområdets Affaldsselskab I/S 
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Figure 7: Map illustrating which WtE plants the municipalities apply in residual waste incineration. Quantities representing each 
municipality/district are noted in the respected area. Green: areas providing waste for Energnist in Kolding, Red:  areas providing 
waste for Odense Kraftvarmeværk A/S, Blue: areas providing waste for Svendborg Kraftvarme A/S.  
 
1.2.2.2 Recyclable waste management 
Six fractions of recyclable material have been the focus in this study; paper, cardboard, glass, metals and 
soft/hard plastics. Also a small part of vegetable food waste is collected kerbside and composted together 
with garden waste by Klintholm I/S.  Key actors have been identified in the waste management system. 
Because of business confidentiality and market based distribution it has not been possible to get detailed 
information on further distribution of the materials. Some actors serve as intermediaries, some pre-treats 
the waste, but none of them have an interest in sharing details of the following paths of the waste streams.    
Figure 8 gives an overview of the actors in handling recyclable materials from Funen. Some actors have 
locations more places like H.J. Hansen Genindvindingsindustri A/S (Middelfart, Svendborg, Odense) and 
Marius Pedersen A/S (Svendborg, Odense) and, but for the sake of simplicity one actor will serve under one 
location (Odense).  
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Figure 8: Actors in the waste management of recyclable material on Funen. The materials have been color-coded (see legend). 
Dots to the left of the dotted line symbolize actors outside the catchment area.  
FFV Genbrug collects and sorts the recyclable material for further distribution in Faaborg-Midtfyn 
municipality. Anders Jørgensen Eftf. collects and transfers the recyclable material on Ærø and distributes it 
mainly to Marius Pedersen A/S (paper, cardboard, plastics, glass) and H.J. Hansen Geninvindingsindustri A/S 
(metals).  Odense, Svendborg, Assens and Kerteminde municipality use Marius Pedersen A/S as their 
primary actor for most of the focal materials.  The other municipalities use more actors for the different 
materials.  
Based on a survey between some of the actors a tendency for final reprocessing has been formed. Paper is 
mostly sold to paper mills in Germany (or Sweden) and some of the paper is used for egg tray production at 
Brdr. Hartmann in Tønder (DK). Cardboard is generally not processed in Denmark and facilities in Germany 
are most likely to be the buyers for reprocessing.  Ardagh Group remelts glass at a facility in Sealand 
(Holmegaard, DK) and is taking part of the waste glass, another share might be re -melted in Germany, but 
in this study it is assumed that all waste glass is re-melted in Denmark. The hard plastics are both 
distributed for further sorting of polymers and for reprocessing. These could probably both be carried out 
in Germany. Also reprocessing of plastic foils (LD-PE) could happen in Germany.  Fe-metals are likely to be 
reprocessed in Turkey, whereas NF-metals are likely to be processed in Germany.  
1.2.2.3 Sum-up: 
 Currently the management approach towards the collection of recyclable material differs a lot among 
the municipalities. Most common is kerbside collection of paper, cube collection of paper and glass and 
recycling centres which receives all of the focal recyclable material fractions.   
 Three waste incinerators are currently managing the residual waste generated in the region; Odense  
Kraftvarmeværk A/S, Svendborg Kraftvarmeværk A/S and Energnist.  
Page 24 of 96 
 
 Currently most of the residual household waste (73 %) is incinerated in Odense and even 42 % of the 
residual waste is generated in Odense. Future placing of large sorting facilities and biogas production in 
Odense would therefore be the logic solution, and this was considered through the study.  
 Reprocessing of the recyclables happens outside the region borders, and only pre -sorting and transfer 
happens within the borders. 
1.2.3 Mass flow assessment: Waste generation and material recovery within the 
catchment area 
The data collected from stakeholders in each of the municipalities have been summed up in this section. It 
covers quantities and tendencies in waste generation and material recovery. Funen will be handled as one 
unit without differentiating between the individual municipalities, but this will give an understanding of the 
existing efficiencies within each of the municipalities and serve as a platform for discussion later on.  
1.2.3.1 Material flows in the 10 municipalities 
Table 3 gives an overview of the data collection related to material flows in each of the 10 municipalities. 
The data represent material collection in 2013 (however it is 2014 for Kerteminde and Middelfart and 2012 
for Ærø). 277,000 tonnes of waste considered as municipal waste is generated and collected per year in the 
region. This covers a number of material fractions from residual waste collected kerbside to recyclable 
material collected through various schemes and combustible waste collected at the recycling centres. As 
already presented in Table 1, Kerteminde and Nyborg municipality are the only ones having separate 
collection of the vegetable food-waste (organics). Also the fraction of foil plastics is not collected separately 
in three of the municipalities (Langeland, Nyborg, Svendborg). Langel and municipality has no separate 
collection of large combustibles; this fraction is crushed and mixed into the small combustible container.  
Table 3: Overview of the material flows in each of the 10 municipalities [tonnes/year]  
Material  
[tonnes/year] 
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Residual waste 6,700 10,054 4,713 4,345 9,060 7,500 7,030 46,549 13,938 1,900 
Organics     1,098       1,357     
 
Paper 2,001 2,230 774 688 2,443 1,044 1,584 10,541 2,155 216 
Cardboard 574 492 389 195 416 218 362 1,585 452 144 
Glass 468 790 458 268 520 500 532 3,598 895 125 
Metals 1,161 1,444 654 421 1,129 825 616 3,181 1,161 131 
Hard plastics  266 260 256 90 156 68 271 1,154 185 44 
Foil plastics 88 79 30 
 
65 37 
 
14 
 
1 
Wood 2,030 2,861 1,172 505 1,341 1,610 1,105 9,388 2,217 281 
Small combustible 1,341 2,511 916 919 1,184 1,052 1,170 5,117 3,494 259 
Large combustible 572 445 314   907 426 885 708 89 105 
Garden waste 6,167 10,000 3,400 1,209 6,241 5260 3,893 20,676 9,488 724 
Total 21,367 31,166 14,174 8,640 23,462 18,540 18,805 102,511 34,074 3,930 
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The collection of different overall material fractions (recyclable, combustible, food-waste and compost 
material (garden waste)) in each of the municipalities are illustrated by pie charts in Figure 9. The size of 
the circles indicates the quantity of material collected in each of the municipalities. The food -waste 
collected in Kerteminde and Nyborg municipality contains a fair amount of small garden waste and is 
currently composted together with garden waste at Klintholm I/S. Separate kerbside collection of organics 
can though be included in the calculation of the recycling rate according to the national goal, and it has 
therefore been illustrated separately. 
Odense is the municipality that generates the most waste per year, which corresponds to the large 
population. This also indicates that improving the recycling rates in Odense municipality would have a more 
significant impact on a regional/national level than improving the situation on Ærø would.  
 
  
 
Figure 9: Map illustrating ratio (based on weight) between the collection of the overall material fractions in the municipalities. 
The size of the pie chart indicates the quantity collected.  
1.2.3.2 Recycling rates according to the national resource strategy 
The focal recyclable material of this assessment is paper, cardboard, glass, metals and plastics (hard and 
foil). Color-coded dots in relative size of collected quantities in each municipality are represented in Figure 
10. Common for all of the municipalities is that the material fraction collected in largest quantity is paper. 
Also glass and metals are collected in relatively high amounts, whereas plastic collection/recovery 
represents the lowest amount.  
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Figure 10: Illustration of quantity of collected recyclable material in each of the 10 municipalities on Funen. The materials have 
been color-coded, and the dots are relative in size in terms of quantity collected.  
In order to give a more comparable overview of the collection rates of these materials in each of the 
municipalities a stacked bar chart has been created representing collected amounts per household per 
year, Figure 11. The chart to the left differentiates between material types, whereas the chart to the  right 
differentiates between collection routes.  
The municipalities have different collection rates and the ratio between the material fractions differs. 223 
kg of the defined recyclable material is collected as an average per household in the region of F unen in a 
year. In general 30-53 % (avg. 40 %) of the recyclable materials collected in the municipalities is paper. 8-22 
% (avg. 10 %) is cardboard, 10-19 % (avg. 16 %) is collected as glass, 16-31% (avg. 21 %) is collected as 
metals and lastly 4-11 % (avg. 6 %) is collected as hard and foil plastics. 
The graph to the right indicates that kerbside collection comes typically second to the recycling centres in 
all municipalities, except in Middelfart. Primarily paper is collected kerbside. Cube systems tend to take a 
fair share of materials in the municipalities that do not have kerbside collection and this system is mainly 
used in the collection of glass and paper. Cardboard, metals and plastics can usually only be collected at the 
recycling centres. Options for collecting/disposing material close to the household could transfer the 
collection of some of the focal materials from recycling centres. Some of the material fractions (cardboard 
and metals) often come in larger pieces that would not fit totally in a kerbside bin, but more 
comprehensive property close collection would most likely facilitate the capture of materials which still go 
to the grey/residual bin. 
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Figure 11: Comparing collection rates of recyclable material (kg/household/year) in the 10 municipalities. Left: Divided between 
material fractions (paper, cardboard, glass, metals, hard plastics and plastic foils), Right: Divided between collection rout es 
(kerbside collection, cube system, recycling centres)  
The varying recovery rates among the municipalities are difficult to explain. In some cases it could be 
because a larger potential of materials are left in the residual waste stream due to inefficient sorting, but it 
could also be due to different generation/use of the material fractions in the individual municipalities.  
The recycling rates have been calculated according to our interpretation of the guidelines provided in 
appendix 5 of the resource plan (Miljøstyrelsen, 2014). The recycling rate is calculated as the share of 
recovered recyclable material of the sum of material collected both for recycling and incineration. Certain 
fractions are included in the calculation and there is a lot of confusion about how to apply it in the 
municipalities. In our calculation the following fractions have been included:  
Recycling Incineration 
- H02: organic waste (organisk affald) 
- H05/H09: paper incl. newsprints (papir inkl. aviser) 
- H06/H10: cardboard (pap/emballage pap) 
- H08/H13: plastics (plast/emballage plast) 
- H11: packaging glass (emballage glas) 
- H12/H19: metals (emballge metal/jern og metal) 
- H15/H30: wood (træ/emballge træ) 
- H01: residual waste 
(dagrenovation) 
- H03: combustible waste 
(forbrændingsegnet) 
 
Other waste fractions like H07 (glass – window glass) included in the guideline has not been included in 
these calculations, whereby the result might differ from the internal calculations in the municipalities. This 
must therefore be seen as a conservative estimate of the recycling rates in the municipalities.  
The recycling rate has been calculated and an overview is presented in Table 4 which is supplemented by 
an illustration. The recycling rate spans from 29-45 % and indicates that recovery of the specific material 
compared to the combustible share differs a lot between the municipalities. Separately collected biowaste 
contributes significantly to the overall recycling rates in Kerteminde and Nyborg municipality. The collection 
of biowaste is though not nearly as effective as it could be, since only vegetable food -waste is collected 
(incl. small garden waste, which constitutes a large share) and only part of the house holds is participating.  
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210,000 tonnes of waste included in the calculation is collected on Funen in a year of which 75,000 tonnes 
is collected for recycling. Funen overall has a recycling rate (based on these assumptions) of 36 %, which 
means that it is necessary to take action to reach the goal of 50 % recycling of household waste.  
Table 4: Recycling rates in each municipality according to appendix 5 calculations (Miljøstyrelsen, 2014) supported by pie charts. 
The size of the pie chart indicates the magnitude of material collected.  
  
1.2.3.3 Defining the functional unit 
In the following system modelling not all fractions will be included, which implies that recycling rates 
mentioned later on will not represent the appendix 5-guidelines of calculating this (unless it is specified). 
 Only waste generated and disposed of with a daily frequency (excluding bulky items and long lasting 
products) will be included. This means that large combustibles as well as wood and garden waste will be 
excluded from the modelling since changes in the collection system towards increased kerbside collection is 
evaluated not to have an impact on the management of these. The small combustible waste constitute a 
mixture of materials (<1 m in size) which cannot be sorted in other containers at the recycling centres, but 
are safe to dispose through incineration. Studies however show that the small combustible waste fraction 
contains 30-50 % materials wrongly sorted, i.e. which could have been sorted in the containers for recycling 
(Larsen et al., 2011, Petersen, 2011). A new kerbside collection system which facilitates better sorting at 
the household, will probably claim shares of this waste stream, however no monitoring/characterization of 
the composition before and after implementing kerbside collection schemes is available in order to make 
an estimate of this. The small combustible waste stream has therefore also been excluded in this 
assessment. Also the metal fraction collected at recycling centres has been adjusted. A characterization 
study show that around 25 % of the metal fraction collected at Danish recycling centres constitutes smaller 
items i.e. cans, kitchenware, toys, tools, nails etc. (Hycks et al., 2013). These items would fit a kerbside bin 
whereas the larger pieces of metal still would be collected through recycling centres.  
This leaves us with a total of 157,000 tonnes of daily generated household waste per year covering paper, 
cardboard, glass, metals, plastics, food-waste and residual waste (dagrenovation) collected kerbside, 
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through cube systems and at recycling centres. Table 5 gives an overview of which material fractions and 
quantities has been included in the functional unit compared to the ones discussed in the previous 
sections.  
Table 5: Overview of material fractions and quantities divided between different definitions; total MSW, Appendix 5 categories 
and the functional unit applied in the study 
Material fraction Total municipal waste 
[tonnes/year] 
Appendix 5 
[tonnes/year] 
Functional unit 
[tonnes/year] 
Residual waste 111,789 111,789 111,789 
Food/biowaste 2,455 2,455 2,455 
Paper 23,675 23,675 23,675 
Cardboard 4,827 4,827 4,827 
Glass 8,154 8,154 8,154 
Metals 10,723 10,723 3,043 
Hard plastic 2,750 2,750 2,750 
Foil plastic 314 314 314 
Wood 21,971 21,971   
Small combustible 17,779 17,779   
Large combustible 5,174 5,174   
Garden waste 67,058     
Total 276,669 209,611 157,007 
In order to model the systems it has been necessary to estimate the full potential of the focal recyclable 
material incl. organic waste (food-waste), i.e. additionally define what is left in the mixed residual waste 
stream. Since none of the municipalities have performed a characterization of their residual waste stream, 
it has been difficult to specify the potentials in each municipality. An average residual waste composition 
(Petersen and Domela, 2003) has therefore been used in the modelling. An average potential per 
household in the region of Funen has been defined for each material fraction based on a combination of 
the already collected/recovered material and the remaining material within the residual waste stream.  
The calculated potential has been compared with the potentials estimated by the EPA (Møller et al., 2013), 
Table 6. In general, the calculated potentials are higher than the ones estimated by the EPA. The 
foundation of calculating the potentials are not identical due to different approaches. The residual waste 
stream in this project has been modelled using an average composition and the aggregated material 
fractions (especially for plastics) might not match the definition from the EPA completely. It is evaluated 
that the calculated potentials are within reason and the work will continue based on these.  
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Table 6: Potentials of different material fractions [kg/household/year] including average recovery on Funen 
 
Potential by EPA4 
[kg/household/year] 
Calculated potential 
[kg/household/year] 
Avg. recovery on Funen 2013  
[kg/household/year] 
 
min max 
  Paper 161 162 153 105 
Cardboard  25 28 57 21 
Glass  33 38 50 36 
Metal  16 19 30 13 
Plastics 33 38 60 14 
Organic  218 302 256 11 
Residual  122 135 89 494 
Total 608 722 694 694 
Each of the material fractions have been illustrated together with an average potential (the horizontal lines) 
incl. an average recovery per household in the 10 municipalities on Funen (represented by bars), Figure 12.  
Paper and glass are the fractions collected closest to their potential, whereas cardboard and metals have a 
slightly lower recovery. Most of the plastics are to be found in the residual waste stream. Biowaste is only 
collected in two municipalities (and in modest amounts) and the biowaste is therefore currently also almost 
exclusively found in the residual waste stream.  
This Figure 12 (particularly the overall Funen values, see also Table 6) illustrates the left over potential of 
recovery. Changes in the collection system would most likely improve the recovery of certain materials.  
On an average 694 kg of household waste is generated per household in the region of Funen per year 
(according to the definition of the functional unit). 200 kg/household/year is separately collected either for 
material recycling (paper, cardboard, glass, metals, plastics) or for composting (biowaste).  A potential of 
400 kg/household/year, mainly represented by organic waste, is still found within the residual waste 
stream.  
                                                                 
4
 (Møller et. al., 2013) 
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Figure 12: Amount of recovered material (paper, cardboard, glass, metals, plastics and organics/residual waste) per household 
per year in each municipality and Funen as a whole including an indicator of the average potential amount 
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Cardboard Cardboard potential
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Glass Glass potential
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Residual Organics
Residual potential Organic potential
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Table 7 gives an overview of how much of each material fraction is recovered compared to the average 
potential. The recovery efficiency for paper (60-70 %) and glass (70-80 %) are high in most municipalities. 
The efficiency of cardboard (40-50 %) and metal (40-50 %) recovery is medium in most municipalities. The 
recovery efficiency of metals in Middelfart municipality is though impressively high (almost 100 %), which 
mainly is due to the large amount of metals collected kerbside in the municipality. Only around 20 % of the 
plastics are recovered.    
Table 7: Overview of material recovery efficiencies in each material fraction based on the average potential for each of the 10 
municipalities incl. an average for Funen 
  Paper Cardboard  Glass  Metal  Plastics 
Assens 71 % 55 % 51 % 52 % 32 % 
Faaborg-Midtfyn 64 % 38 % 69 % 62 % 25 % 
Kerteminde 47 % 64 % 86 % 50 % 44 % 
Langeland 69 % 53 % 83 % 53 % 23 % 
Middelfart 95 % 43 % 62 % 98 % 22 % 
Nordfyn 54 % 30 % 79 % 53 % 14 % 
Nyborg 72 % 44 % 74 % 36 % 31 % 
Odense 75 % 30 % 79 % 28 % 21 % 
Svendborg 52 % 29 % 66 % 43 % 11 % 
Ærø 41 % 73 % 72 % 34 % 21 % 
Funen, Total 69 % 38 % 73 % 44 % 23 % 
1.2.3.4 Sum-up: 
 277,000 tonnes of MSW is collected in the municipalities per year. This includes garden waste, wood, 
small and large combustibles, plastics, metals, glass, cardboard, paper, food-waste and residual waste. 
Garden waste, wood, small and large combustibles as well as part of the metals collected as bulk on the 
recycling centres have been excluded from the modelling since changes in kerbside collection schemes 
will not affect the management of these fractions. In total 157,000 tonnes of household waste is 
included in the modelling, and this has been used as the functional unit of the study.  
 According to our interpretation of the appendix 5 calculation of the recycling rate in the municipalities is 
between 26-45 %. Funen as an average has a recycling rate of 36 %, which means that actions needs to 
be made in order to reach the national goals of 50 % in 2022.  
 Based on limited information on the composition of the residual waste stream the calculated potentials 
(Table 6) will serve as a basis for the material flow modelling.  
 Based on the defined functional unit 694 kg of daily household waste is generated per household in the 
region of Funen per year. Currently 189 kg recyclable material (paper, cardboard, glass, metals, plastics) 
and 11 kg biowaste is collected per household per year. Compared to the potential the recovery of 
paper and glass is high (~70%), whereas the recovery of cardboard, metals (~40%) and especially plastics 
(~20%) are low. The recovery of biowaste is almost negligible compared to the potential (~4%).  
 The effects of system changes that will be modelled in the next section (Part 2) regarding separate 
collection of recyclable materials will not be equally significant in all of the municipalities because we 
can already see that a few municipalities have already quite efficient systems. 
 Property close collection will limit the need for bringing the focal material to the recycling centres. 
Changing the systems towards increased kerbside collection will therefore lead to an exclusion of 
recycling centres in the system modelling. 
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2 Part 2: System modelling and carbon footprint assessment 
Part 2 of this report documents the methods used and results obtained following the mass flow analysis 
and carbon footprint assessment of the current/reference waste management syste m in the region of 
Funen and alternative systems designed to reflect different degrees of and solutions to separate collection, 
automated central sorting, materials recovery for recycling, biowaste separation with different uses of the 
bio-fraction, and waste incineration for energy recovery. 
2.1 Methods 
The method section goes through the foundation of the system simulation and carbon footprint 
assessment as well as the system boundaries introducing foreground and background systems. This section 
also contains a detailed lifecycle inventory (LCI). 
2.1.1 Waste management systems simulation 
The existing waste management systems in the 10 municipalities on Funen (described in Part 1 of this 
report) have been aggregated to one system which represents the whole region. Starting from this baseline 
system, 23 more systems were designed, accounting for changes in separate collection and the treatment 
of the residual waste stream. The systems are described in section 2.1.4 in this report. 
A spreadsheet-based mass balance model was used to simulate the process chains in all described systems. 
The model simulated the transfer and conversion of waste streams and fractions through the entire system, 
based on the input waste composition and associated physical and chemical characteristics. Waste 
generation and collection has been distinguished between type of residence, i.e. single - and multi-family 
residences, thus accounting for slight differences in source separation behaviour, waste composition and 
waste generation rate. The model input constituted the waste generated in one year in the region, in the 
amount of 157,007 tonnes, defined as daily generated household waste (described in Part 1).  
2.1.2 Carbon footprint assessment 
The mass flow simulation model allows for detailed accounting of the carbon content of the waste 
throughout the simulated systems, i.e. from waste generation to substitution of energy and materials on 
their respective markets. This enabled the accounting of all direct Green House Gas (GHG) emissions in the 
systems and their conversion to CO2 equivalents.  All system exchanges (i.e. consumptions and avoided 
energy and materials) were also converted to CO2 equivalent burdens or savings. The systems were 
evaluated and compared on basis of consequential life cycle assessment methodology (CLCA), thus all 
processes reacting to the changes implemented in waste management systems were included (as far as 
possible) and so-called marginal supplies/marginal data was used in the modelling of system interaction.  
All material and energy flows, as well as system burdens and savings, are related to a functional unit (FU), 
defined as management (including collection, transport, treatment and final disposal of residues) of the 
yearly generation of 157,007 tons of daily generated household waste (wet weight) collected in the region 
of Funen, Denmark. 
The metric used to compare the systems is global warming potential (GWP100, kg CO2 eq., aggregated over 
a 100 years), calculated on the basis of the latest Assessment Report of the Intergovernmental Panel for 
Climate Change (IPCC, 2013). The global warming factors (GWF) of significant substances were as follows 
for fossil emissions: CO2=1, CO=2, CH4=34 and N2O=298.  
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GWP100 potentials (coefficients) were facilitated by the LCA software SimaPro 8.0.2. Background life cycle 
inventory (LCI) data was retrieved from the Ecoinvent v.3 database (Swiss Centre of Life Cycle Inventories), 
whereas foreground LCI data (system specific) was compiled from multiple sources, including municipalities 
own accounting systems and green accounts from downstream waste operators.   
2.1.3 System boundaries 
As a simplification of the complexity of the real world, it is possible to analyse complex systems by dividing 
them into foreground systems, for which we want to provide decision support regarding their 
development, and background systems, which impact or govern the effects of decisions taken regarding 
foreground systems. 
In the analysis of waste management systems, as in this case, the foreground system comprises all waste 
management activities from waste generation, through treatment and recovery of materials and/or energy, 
to the point where these functional outputs are interacting/are exchanged with the background systems 
(the background economy and markets). The background systems represent the economic activities (e.g. 
energy production, material production) which exchange materials and energy (including the functional 
outputs) with the foreground. In this study, waste management system interactions with four main markets 
have been included: (1) energy and fuels production, (2) primary material production, (3) digestion co -
substrates, and (4) combustible waste market. 
2.1.4 Foreground systems and system variations 
A total of 24 foreground systems have been designed and modelled in this study, Table 8. 
Table 8: Matrix of systems modelled in the assessment; SF= single-family, MF = multi-family 
Systems 
archetypes 
Separate collection Treatment of remaining residual waste 
WtE:  
Incineration 
CHP 
CS-ADwet: 
Central sorting 
with wet 
digestion 
CS-ADdry: 
Central sorting 
with dry 
digestion 
CS-Biodry: 
Central 
sorting with 
biodrying 
System 0 Existing schemes 0-WtE 0-CS-ADwet 0-CS-ADdry 0-CS-Biodry 
System 1 Existing schemes + 
Biowaste SF 
1-WtE 1-CS-ADwet 1-CS-ADdry 1-CS-Biodry 
System 2 Existing schemes + 
Biowaste SF and MF 
2-WtE 2-CS-ADwet 2-CS-ADdry 2-CS-Biodry 
System 3 Dual-stream 3-WtE 3-CS-ADwet 3-CS-ADdry 3-CS-Biodry 
System 4 Dual-stream + 
Biowaste SF 
4-WtE 4-CS-ADwet 4-CS-ADdry 4-CS-Biodry 
System 5 Dual-stream + 
Biowaste SF and MF 
5-WtE 5-CS-ADwet 5-CS-ADdry 5-CS-Biodry 
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2.1.4.1 Main system archetypes based on changes in source separation 
System 0 – no change in source separation 
This system is based on the existing collections schemes in the region and reflects the data collected from 
the municipalities (reference year 2013) regarding collection and management of recyclable materials and 
residual waste. This includes, thus, the small amount of biowaste being collected and composted in two 
municipalities.  
System 1 – Source separation of biowaste in single-family residences 
In this system the existing collection schemes regarding recyclable material are not changed. But in addition 
to existing schemes, biowaste collection is instituted in all single-family residences throughout the region. 
Existing collection of biowaste is overruled in advantage of this system change. The source separation 
efficiency for the bio-fraction of the waste was set to a conservative 60% (of food-waste generated). The 
composition modelled for the bio-bin reflects a content of miss-sorted materials (i.e. non-organic materials) 
of 5 wt.-%, based on a typical range from 1 to 10 wt.-% (Bernstad et al., 2013, Hansen et al., 2007), which 
needs to be removed through pre-treatment prior to anaerobic digestion. The modelled pre-treatment 
consists of a wet pulping and separation process (Lorentzen et al., 2013, Naroznova et al., 2013).  
The reject from pre-treatment is sent to the WtE plant while the recovered biomass (biopulp, dry matter 
content of 15 %) is mono-digested in a local biogas plant, considering a CH4 yield of 350 Nm
3 per tonne of 
volatile solids (VS) (Davidsson et al., 2007). The biogas produced is upgraded close to natural gas grade, and 
hence forth called biomethane. Biomethane can be stored in the gas grid and be used according to demand 
patterns. Biogas upgrading was added based on data from Bernstad and Jansen (2011). Flexible use of 
biomethane for electricity production was modelled using gas motors with efficiencies of 40% (electricity) 
and 45% (heat).  
The other output, the digestate, is stored, and when appropriate, applied on agricultural fields as an 
organic fertilizer, thereby partly substituting mineral nitrogen (N), phosphorus (P) and potassium (K). The 
modelling of digestate storage, application, fertilizer substitution and soil C changes are partly based on the 
work of Hamelin (2013). 
System 2 – Source separation of biowaste in both single- and multi-family residences 
This system is the same as System 1, with the addition that biowaste is being collected in both types of 
residences, i.e. in all residences throughout the region. The biowaste source separation efficiency was set 
to 50 % in multi-family residences. The bio-waste collected in multi-family residences is typically more 
contaminated than for single-families, therefore a contamination level of 10 % was used in the model. All 
steps in the management of the new stream are the same as in System 1. 
System 3 – Dual-stream recyclables 
In this system the existing collection schemes for recyclable materials in the region are replaced with a 
single new uniform scheme. This is a kerbside dual -stream scheme, which has already been adopted in 
large parts of Jutland and to which also one of the municipalities on Funen has recently switched to.  
The dual-stream collection consists of: (1) a mixed stream of paper, cardboard and plastic foils, and (2) a 
mixed stream of glass, metals and hard plastic containers. In the case of single-family residences, the two 
mixed material streams are stored together in a dual-chamber kerbside bin, and collected with the use of 
Page 36 of 96 
 
specific dual-compartment collection trucks. Large containers are provided instead to multi -family 
residences. The two streams are subsequently sorted into single materials in a specialized central sorting 
plant (Vojens, Denmark) and sold to international markets. 
The source separation efficiencies set for the six materials included in this scheme are based on Cimpan et 
al. (2015b). 
In this system biowaste is not source separated except for the two municipalities already having a partial 
collection of biowaste. 
System 4 – Dual-stream and source separation of biowaste in single-family residences 
This system retains the dual-stream collection of commingled recyclables, and biowaste collection in single-
family households is added. The characteristics and management of the biowaste stream is the same as in 
System 1. 
System 5 – Dual-stream and source separation of biowaste in both single- and multi-family 
residences 
This final system incorporates all the changes introduced in the previous two systems, with the addition of 
biowaste collection in multi-family residences. All separately collected streams are managed as described in 
the previous systems. 
2.1.4.2 System variants based on residual waste treatment 
WtE – Residual waste to incineration WtE 
In this first variant, residual household waste is sent to the three incineration CHP plants serving the region 
today (in Odense, Svendborg and Kolding). CHP efficiency was based on 2012-13 green accounts from the 
three plants.  
CS-ADwet – Residual waste to Central sorting (CS), organics treatment and wet anaerobic 
digestion 
Although future agreements between municipalities and waste incineration plants are difficult to predict, in 
this study it will be assumed that all residual waste generated will be managed inside the region.  
In this variant, all residual waste in the region is sent to a central sorting facility in O dense. Here it 
undergoes a series of mechanical and automated separation processes, the objectives of which are to 
produce three material outputs: (1) metal and plastic concentrates for recycling, (2) storable RDF for energy 
production, and (3) a biopulp for anaerobic digestion. 
While (1) and (2) constitute a general objective shared with the following two system variants, (3) is the 
defining aspect for this system variant. Specifically, in this variant the stream of concentrated organics 
resulting from the mechanical processing is further treated in a wet pulping process (the same pre -
treatment used with biowaste from separate collection). Thus the output is a refined organic pulp that is 
used in wet anaerobic digestion.  
The digestion residues are dewatered, similar to sewage sludge today, and the resulting sludge is 
transported to the local incineration facility. 
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The RDF produced in the central sorting facility was modelled as fully utilized for energy production in the 
Odense incineration plant. In reality, RDF could be also transported and used in Svendborg, however 
Odense was chose as a default, mainly because of the significantly higher energy recovery efficiency.  
CS-ADdry – Residual waste to CS and organics dry anaerobic digestion 
In this variant, all residual waste in the region is sent to a central sorting facility in Odense. Output (3) 
however constitutes the stream of concentrated organics (no additional treatment) which is directly fed 
into a dry anaerobic digestion facility on site. The digestion residues after this process are incinerated. 
CS-Biodry – Residual waste to CS and organics biodrying 
In this variant, all residual waste in the region is sent to a central sorting facility in Odense. Output (3) 
however constitutes the stream of concentrated organics (no additional treatment) which is directly fed to 
biological drying units on site. In this process part of the easily degradable organic matter is consumed 
(degraded) and the moisture content of the material stream is reduced to 20-25 %. The final output is an 
RDF which is baled and stored for later use in energy production.  
2.1.5 Background systems 
The alternative foreground systems and their variation described in the former section are, then, modelled 
on the basis of the background system within which they exist, and with which they interact. The essential 
background systems comprise: 
 The energy systems (grids) of heat and electricity  
 Manure biogas systems, agricultural soil systems and mineral fertilizer productions  
 Virgin material production systems of recovered material fractions 
 Virgin biomass production and the origin of this biomass 
 Alternative waste management in landfill in scenarios with waste import 
The interactions with these background systems are of key importance, and therefore the assumed nature 
of the background systems is decisive to the results. But we also know that these backgrounds systems 
change over time, and some of the key systems such as the energy system, virgin biomass production and 
waste management systems in general (including landfilling) are expected to change very significantly over 
the next decades. In order to ensure a robust comparison of alternative waste management systems and to 
provide a robust assessment for investment decisions, we must, thus, compare alte rnatives against these 
background systems as they can be expected to develop over time. 
2.1.5.1 Continuous and flexible production of heat and electricity 
In this work we place energy production from waste in two categories: continuous and flexible. The 
categorization is important because both the heat and electricity systems respond differently to continuous 
and flexible outputs of heat/electricity to the grids. A continuous production will replace one type of 
electricity or heat, whereas a flexible production (i.e. a production specifically supplied to the grids in times 
of the highest demand for heat/electricity) will replace a different type of heat/electricity. Definitions for 
energy from waste: 
 Continuous electricity or baseload power production is associated with power plants with continuous 
operation and supply of electricity throughout the year, with breaks only for planned maintenance or 
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service. Power produced by waste incineration plants falls largely under this category. However, modern 
incineration plants can adjust their operation considerably in a matter of hours by lowering or raising 
their capacity (between 70 % and 100 % load) and sometimes by adjusting the ratio between heat and 
electricity (condensing plants). For this reason, a flexibility factor has been associated with the waste 
CHPs in the systems.  
 
 Flexible electricity represents a balancing power production, and is associated with power plants which 
can operate based on market demand, i.e. can fully start or shut down in a matter of minutes.  
Biomethane stored in the natural gas grid, or otherwise, is assumed to be used in the future for 
electricity production in this way.  
 
 Continuous heat, accounts for the heat generated from waste incineration (together with electricity) 
and generated in the utilization of biomethane. In the latter case heat is more or less a byproduct of 
flexible electricity production, but does not have any flexible attributes. Continuous heat is assumed, in 
all three time perspectives, to avoid a mix in the ratio of 50:50 of marginal continuous and flexible heat 
production in the warm and respectively in the cold part of the year.  
 
 Flexible heat here accounts for heat generation from combustion of RDF in waste incineration plants. 
RDF is assumed prioritized (stored) for heat generation in the cold part of the year, and therefore 
flexible heat avoids the production of the respective heat marginal.  If electricity is generated together 
with heat from RDF, it is categorized similarly with regular electricity from incineration (i.e. continuous).  
 
2.1.5.2 Time perspectives 
As previously introduced, the background systems surrounding Danish waste management systems are 
undergoing important structural changes, most importantly the gradual transition from fossil -based to 
renewable-based energy. Waste management infrastructure changes imply considerable capital 
investment, which is typically recovered by maximizing lifetimes. For example, lifetimes of plants can 
extend from 20 years (sorting plants) to 30-40 years (WtE facilities). It is therefore crucial to consider future 
changes in the background systems when taking decisions regarding waste management in order to  avoid 
lock-in effects.  
The time scope considered in this work is 2012 to just beyond 2050. The timeline was broken down into 
four periods in accordance with the key milestones of Danish energy policy, i.e. 2012-2020, 2020-2035, 
2035-2050 and beyond 2050. The key milestones considered were: (1) wind power makes up 50 % of 
electricity consumption in 2020, (2) coal is completely phased out in 2030, and (3) all heat and power is 
renewable in 2050. However, these milestones are expected to be relaxed to some e xtent by the new 
Danish Government (autumn 2015) and therefore the related background electricity and heat marginal in 
the four time periods were modified compared to the work by Wenzel et al. (2014), to include a small 
portion of fossil energy untill 2050. The Beyond 2050 time perspective then represents a fully renewable 
energy scenario. 
The flexibility factors associated to waste incineration denote how much of the power produced is assumed 
to replace other regulating power on the energy market. The factors were: 30% in the Mid-term, 15% in the 
Long-term and 5% in the Beyond 2050 time perspectives. These factors are rough estimates which consider 
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the decreasing “window of opportunity” over time, i.e. times when incineration can contribute with flexible 
power. These times decrease as renewable (wind and solar)  cover more of the early power consumption. 
Table 9: The four time periods and associated background electricity and heat marginals 
 Electricity Heat 
Present (2012-2020) Continuous 100 % coal power  100 % natural gas 
Flexible 100 % coal power 100 % natural gas 
Mid-term (2020-2035) Continuous 10 % coal, 5 % natural gas,  
18 % biomass5, 2 % solar and 
64 % wind power 
50 % heat pumps and  
50 % natural gas 
Flexible 100 % coal power 100 % natural gas 
Long-term (2035-2050) Continuous 5 % coal, 5 % natural gas,  
15 % biomass6 and  
75 % wind and solar power  
50 % heat pumps,  
25 % biomass and 25 % 
natural gas 
Flexible 25 % coal, 25 % natural gas,  
50 % biomass6 
50 % biomass and 50 % 
natural gas 
Beyond 2050 Continuous 100 % wind and solar power  80 % heat pumps and 
20 % biomass 
Flexible 100 % biomass6 100 % biomass 
 
2.1.5.3 Biowaste from separate collection as a co-substrate in manure-biogas 
As a baseline, the biowaste collected separately from households is digested in dedicated plants. However, 
considering the Danish targets on boosting manure-biogas, it is valuable to quantify possible benefits 
assuming that biowaste can contribute to achieving these targets.  
In Denmark a target has been launched to achieve 50 % use of animal manure for biogas by 2020, as 
compared to the present use of 7- 8 %. Under current framework conditions, projections show that only 
between 20 and 35 % use will be achieved until 2020 (Jacobsen et al., 2013). One of the main barriers to 
expansion is related to biomass, i.e. it is increasingly difficult to find suitable biomass to supplement slurry 
in order to achieve adequate and economically feasible gas production.  
In a consequential perspective, the biowaste made available by source separation of food waste from 
households can constitute a co-substrate to manure, thereby enabling extra manure quantities to be 
digested and/or substituting for the use of other marginal co-substrates, such as energy crops. The former 
can be valid in all three time periods, under the assumption that 100 % use of manure for biogas will not be 
achieved even in 2050. 
The model has been used to produce system results, alongside baseline biowaste mono -digestion, for 
system variants where biowaste is co-digested with manure, thus avoiding reference manure management, 
or replacing the production of an alternative co-substrate for manure-biogas, namely maize. 
Based on consequential LCA rationale, the benefits and burdens of the extra manure-biogas production 
were weighted against the burdens and savings associated with conventional manure management, which 
                                                                 
5
 The biomass marginal is used in direct combustion CHP 
6
 The biomass marginal is used in wood gasification with syngas reforming to SNG stored and used for flexible power   
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is storage and application on land without any additional treatment, in the way described in Hamelin et al. 
(2013). 
 
Figure 13: PFD cut-out illustrating co-digestion of biowaste with manure leading to avoided reference manure management; full 
lines indicate foreground and induced system flows and processes while dotted lines indicate avoided flows and processes (in 
the background system). 
Although the use of energy crops as co-substrates is already being restricted, it is still expected that energy 
crops may have a role even in long-term. In this study maize was used as a representative of energy crops. 
Thus, the burdens and benefits of use of biowaste as a co-substrate were weighted against the use of 
maize, which is associated with both direct and indirect land use changes. The substitution ratio between 
biowaste and maize was based on methane yield. 
 
Figure 14: PFD cut-out illustrating co-digestion of biowaste with manure leading to avoided production of maize; full lines 
indicate foreground and induced system flows and processes while dotted lines indicate avoided flows and processes (in the 
background system). 
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2.1.5.4 Cascading effects – Combustible waste imports 
Under the assumption that the reference waste management system in the region is functioning under 
stable conditions (current infrastructure is fully utilized), any diversion of waste towards recycling, by 
increased source separation, or processing of residual waste in central sorting facilities, would liberate 
combustion capacity in the WtE plants in the system. This in turn, induces a “demand” for combustible 
waste at the waste incineration plants, or rather a capacity to receive more waste at a given marke t based 
gate fee.  
Cimpan et al. (2015) identified combustible waste import from countries which still landfill large shares of 
MSW, as the most probable response to a released WtE capacity in Denmark. In this study, cascading 
effects were included in connection with the Present (2012-2020) and the Mid-term time period (2020-
2035).  
 
Figure 15: Process flow diagram cut-out illustrating effects pertaining to waste import; full lines indicate foreground and induced 
system flows and processes while dotted lines indicate avoided flows and processes (in the background system). 
Cascading effects were modelled effectively as preparation of combustible waste for export in the UK (here 
UK is used as a representative for a country which still  landfills MSW), sea and land transport to Funen, and 
combustion in Funish incineration facilities. The GHG impact of these operations was essentially measured 
against the benefits of electricity and heat production from imported waste in DK and the avoide d 
reference management of combustible waste in the UK.  In order to capture a possible range in efficiency 
(and therefore environmental effects) related to management of combustible, two options have been 
modelled:  
(1) Combustible waste  is landfilled in an sanitary landfill with high gas collection and utilization in a gas 
motor with recovery of electricity;  
(2) Combustible waste is landfilled in a sanitary landfill with average gas collection, followed by flaring 
of the collected gas. 
The two options were modelled as described in Cimpan et al. (2015). Imported waste quantities were 
calculated based on missing (diverted) energy input to the three incineration plants in the system, in every 
system variant. 
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2.1.5.5 Marginal biomass for future energy production 
Biomass marginals are used in the construction of mid-term, long-term and beyond 2050 energy mixes and 
electricity and heat marginals. The model allows using different biomass marginals. The carbon footprint 
factors used in this work are presented in table 10, and are taken from Wenzel at al. (2014). 
In terms of marginal biomass, two different perspectives have been considered:  
(1) A progressive biomass marginal, which reflects an increasing demand for biomass over time. In this 
perspective the marginal is forest thinning in the Present and Mid-term time perspectives, 
plantation on high C-stock savannah in Long-time and harvest from existing tropical forests in the 
Beyond 2050 time prespective. 
(2) A “dirty” biomass marginal, which reflects the use of biomass with a high carbon footprint in all 
four time perspectives, namely harvest from existing boreal forests.  
Table 10: Carbon footprint factors for the biomass marginal used in the four time perspectives  
 Progressive biomass marginal Dirty biomass marginal 
 100 years 
amortisation  
(kg CO₂ per MJ) 
20 years 
amortisation  
(kg CO₂ per MJ) 
100 years 
amortisation  
(kg CO₂ per MJ) 
20 years 
amortisation  
(kg CO₂ per MJ) 
Present (2012-2020) 0 0 0.074 0.153 
Mid-term (2020-2035) 0 0 0.074 0.153 
Long-term (2035-2050) 0.009 0.043 0.074 0.153 
Beyond 2050 0.041 0.123 0.074 0.153 
Reprocessing waste paper and cardboard into secondary pulp leads to a reduction in use of primary paper 
pulp. The biomass marginal used for primary pulp production, and thus avoided, was considered coming 
from “tropical plantations on forest land”, in accordance with Reinhard et al. (2010). 
2.1.6 Life cycle inventory 
2.1.6.1 Waste stream characterization 
The composition and characteristics of the generated domestic waste, i.e. the functional unit, were 
compiled as follows: 
 The detailed waste flow information collected from each municipality were compiled and aggregated to 
reflect total flows in the region; 
 The composition of the residual domestic waste flow has been described with the help of literature 
data, in this case by using the detailed characterization of Danish waste from Petersen and Domela 
(2003), reflecting differences between single-family and multi-family residences; 
 The residential ratio calculated for the region (Part 1), together with the weekly generation rates found 
in Pedersen and Domela (2003), were used to determine the overall waste generated that can be 
attributed to the two types of residences (Table 11); 
 Finally, chemical characteristics were associated to each waste fraction, by using data from Riber et al. 
(2009) ( 
 Table 12,  
 Table 13). 
 
 
Page 43 of 96 
 
 
Table 11: Total waste generated and allocation to single-family (SF) and multi-family (MF) residences 
 Total generated Total generated SF Total generated MF 
  tonne/year wt-% tonne/year wt-% tonne/year wt-% 
Bio-fraction 58,095 37 % 45,669 38 % 12,426 34 % 
Paper fraction 34,485 22 % 26,337 22 % 8,148 23 % 
Cardboard fraction 12,782 8 % 9,908 8 % 2,874 8 % 
Beverage carton fraction 2,599 2 % 2,081 2 % 517 1 % 
Foil plastic fraction 6,544 4 % 4,826 4 % 1,718 5 % 
Hard plastic fraction 6,977 4 % 5,567 5 % 1,410 4 % 
Glass fraction 11,187 7 % 8,571 7 % 2,616 7 % 
Fe-metals fraction 4,763 3 % 3,699 3 % 1,064 3 % 
Al fraction 1,699 1 % 1,319 1 % 380 1 % 
Heavy metal fraction 376 0 % 293 0 % 84 0 % 
Rest fraction 17,501 11 % 12,590 10 % 4,912 14 % 
Total 157,007 100 % 120,860 100 % 36,147 100 % 
 
Table 12: Chemical characteristics for waste fractions generated in single-family residences 
 LHV 
(MJ/kg ww) 
H2O  
(% ww) 
TS  
(% ww) 
VS  
(% ww) 
C-bio 
(% ww) 
C-fossil  
(% ww) 
Ash  
(% ww) 
N  
(% ww) 
P 
(% ww) 
K  
(% ww) 
Bio-fraction 4.33 68.65 31.35 28.54 15.21 0.19 2.80 0.99 0.14 0.30 
Paper  12.59 9.51 90.49 72.90 34.90 0.17 17.59 0.17 0.01 0.06 
Cardboard  13.84 19.14 80.86 74.15 30.66 6.40 6.71 0.18 0.02 0.04 
Beverage carton  17.83 16.64 83.36 80.75 28.25 15.21 2.61 0.30 0.02 0.04 
Foil plastic  34.07 14.10 85.90 82.12 0.35 70.09 3.78 0.17 0.02 0.06 
Hard plastic  29.97 7.29 92.71 86.93 0.89 65.47 5.77 0.70 0.42 0.10 
Glass  -0.17 7.16 92.84 0.00 0.00 0.00 92.84 0.00 0.56 0.00 
Fe-metals  -0.26 10.61 89.39 0.00 0.00 0.00 89.39 0.00 0.02 0.03 
Aluminium  2.69 14.11 85.89 10.74 6.76 0.07 75.15 0.18 0.03 0.06 
Heavy 
NF-metals  -0.26 10.61 89.39 0.00 0.00 0.00 89.39 0.00 0.02 0.03 
Rest 10.59 25.35 74.65 48.86 21.42 6.73 25.79 0.79 0.07 0.37 
 
Table 13: Chemical characteristics for waste fractions generated in multi-family residences 
 LHV 
(MJ/kg ww) 
H2O  
(% ww) 
TS  
(% ww) 
VS  
(% ww) 
C-bio 
(% ww) 
C-fossil  
(% ww) 
Ash  
(% ww) 
N  
(% ww) 
P 
(% ww) 
K  
(% ww) 
Bio-fraction 4.46 68.47 31.53 29.08 15.39 0.18 2.46 1.00 0.14 0.28 
Paper  12.59 9.51 90.49 72.90 34.90 0.17 17.58 0.17 0.01 0.06 
Cardboard  13.17 19.58 80.42 72.62 31.12 4.71 7.80 0.17 0.02 0.04 
Beverage carton  17.83 16.64 83.36 80.76 28.25 15.21 2.60 0.30 0.02 0.04 
Foil plastic  34.07 14.10 85.90 82.12 0.35 70.09 3.78 0.17 0.02 0.06 
Hard plastic  29.98 7.30 92.70 86.88 0.92 65.44 5.82 0.71 0.42 0.10 
Glass  -0.18 7.24 92.76 0.00 0.00 0.00 92.76 0.00 0.56 0.00 
Fe-metals  -0.26 10.61 89.39 0.00 0.00 0.00 89.39 0.00 0.02 0.03 
Aluminium  2.69 14.10 85.90 10.71 6.75 0.07 75.19 0.18 0.03 0.06 
Heavy  
NF-metals  -0.26 10.61 89.39 0.00 0.00 0.00 89.39 0.00 0.02 0.03 
Rest 10.33 28.38 71.62 47.39 21.37 6.31 24.23 0.77 0.06 0.35 
Page 44 of 96 
 
2.1.6.2 Source separation efficiencies 
In systems 3, 4 and 5, the source separation efficiency of citizens in the new Dual -stream kerbside 
collection scheme has been estimated using existing knowledge from Danish and Swedish studies, such as 
Dahlen and Lagerkvist (2010), Dahlén et al. (2007), Dansk Affald (2014), Møller et al. (2013). 
Table 14: Source separation efficiencies for the Dual-stream and Biowaste  
 Bio-
fraction 
Paper 
 
Cardboard 
 
Foil  
plastics 
Hard 
plastics 
Glass 
 
Fe-metals 
 
NF-metals 
 
Multi-family 50 % 80 % 60 % 40 % 40 % 80 % 50 % 60 % 
Single-family 60 % 90 % 70 % 50 % 50 % 90 % 60 % 70 % 
2.1.6.3 Collection and transport  
Collection and transport are an important source GHGs, it is therefore important to account such 
operations throughout the systems. In this study, as far as possible, all transport operations between the 
different points/processes in the systems have been included. These include: (1) waste collection, (2) 
personal transport to recycling centres, (3) waste transfer to the first treatment operation, (4) long-distance 
transport of outputs from treatment to final reprocessing, WtE or disposal.  
Collection of kerbside material includes diesel consumption used through start, collection at the 
households and delivery at the treatment facility. The fuel consumption related to kerbside collection of 
residual waste (and bio-waste) has been estimated as 7.3 L/tonne based on the information provided by 
the municipalities and haulers (weighted average). Compared to existing studies (Larsen et al., 2009) this is 
slightly high, but this is probably due to the fact that start and stop is included here, as wel l as the fact that 
the waste is not always transferred to larger trucks, resulting in longer distance of transport in low fuel 
efficient trucks, which would increase fuel consumption per tonne.  
The fuel consumption related to collecting recyclables was estimated based on data collected from the 
municipalities, resulting in 13.9 L/tonne. Collection of paper only (paper/card) was based on data from 
Odense and resulted in a fuel consumption of 4.9 L/tonne. Fuel consumption in cube collection has been 
calculated based on collected information resulting in 9.0 L/tonne. Finally, collection of the Dual -stream 
(including transport to Vojens for sorting) was based on data from Assens municipality, resulting in 13 
L/tonne. 
Private transport to the recycling centres has also been included based on estimations from Sønderborg 
municipality, 5.6 L/tonne (Cimpan et al., 2015). This takes into account that 50 % of the trip will be 
dedicated to visit the recycling centre. Other transportation processes applied in this study is based on 
long-haul trucks with a diesel consumption of 0.22 L/tkm (Larsen et al., 2009) and ship with a diesel 
consumption of 0.0104 L/tkm (Operation, barge tanker – Ecoinvent 3 database). 
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2.1.6.4 Sorting plants 
Energy consumption and process efficiencies for plants across the processing chain are summarized in 
Table 15. 
Table 15: Sorting operations 
 Recovery efficiency 
[%] 
Electricity  
[kWh/tonne] 
Diesel 
[L/tonne] 
Source 
Paper/cardboard quality check 98 % 30 0.5 Merrild et al. (2009) 
Glass sorting 98 % 17  Ribe Flaskecentral  
Mixed metal sorting 98 % Fe  
95 % NF-concentrate 
50 2.5 Damgaard et al. (2009) 
Heavy media separation 98 % aluminium  
95 % heavy NF  
80  0.5 Wens et al. (2010) 
Mixed plastic sorting 90 % of PP, PE, PET, PS 100  Christiani (2009) 
Dual-stream manual sorting 
(paper, cardboard and foil  
plastics) 
98 % paper 
98 % cardboard  
95 % foil  plastics  
10 2 Dansk Affald A/S (2013) 
Dual-stream mechanical 
sorting (metals, plastics and 
glass) 
99 % Fe-metals  
95 % NF-concentrate 
90 % glass 
90 % mixed plastics  
30 2 Dansk Affald A/S( 2013) 
 
2.1.6.5 Anaerobic digestion and digestate management 
Biowaste pre-treatment 
This processed was based on the Ecogi technology developed by KomTek Miljø A/S. The waste is pulped 
with cold water, whereby the dry matter content is diluted from 40 % to 20 %.  A biopulp (7-9 % DM) is 
extracted from the separation tank. The reject is washed and the water is recirculated. The biopulp is 
concentrated using a screw press, whereby a DM content of 13-22 % is reached (Lorentzen et al., 2013). 
The biopulp is considered to have a CH4 yield of 350 Nm
3 per tonne of volatile solids (VS) (Davidsson et al., 
2007). Resource consumption amounts to 30 kWh of electricity and 0.5 L of diesel per tonne of bio -waste 
input. 
Table 16: Transfer coefficients in the pulping process 
Fraction To bioslurry (%ww) To reject (%ww) 
Bio 93 % 7 % 
Paper 93 % 7 % 
Cardboard 93 % 7 % 
Beverage carton  75 % 25 % 
Foil plastic  1 % 99 % 
Hard plastic  1 % 99 % 
Glass  1 % 99 % 
Fe-metals  1 % 99 % 
Aluminium 1 % 99 % 
Heavy NF metal  1 % 99 % 
Rest 20 % 80 % 
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Mono-digestion and co-digestion with manure (avoided reference manure management) 
Mono-digestion of the biowaste from separate collection and co-digestion of biowaste with manure (pig 
slurry) was modelled considering the system described in Hamelin et al. (2014) and Hamelin et al. (2011), 
i.e. a completely stirred main digester operated under mesophilic conditions, equipped with a post digester 
from which ca. 10% additional methane is captured. The produced biogas is assumed to consist of 65 % CH 4 
and 35 % CO2, with a density of 1.158 kg/Nm
3 biogas. In the case of co-digestion, it was calculated that the 
systems, on average, allow for the use of manure in a ratio of 60:40 with biowaste. This was determined on 
the basis of obtaining an input mixture having 10 % of dry matter after the first digestion step (Hamelin et 
al., 2011, 2014) and a C:N ratio between 10 and 30. The CH4 yield considered for manure was 319 Nm
3 per 
tonne volatile solids (VS). 
Avoided reference manure management, i.e. storage and field application, was modelled according to 
Hamelin et al. (2014). 
Co-digestion with manure – avoided maize production 
Maize silage has been chosen as the energy crop to represent this scenario given its high yield and its high C 
turnover efficiency. In this study the burdens associate with maize production are avoided by using 
biowaste in co-digestion with manure instead.  
Maize is considered to be produced in Denmark specifically for anaerobic digestion, and as such is 
displacing another crop, which is here considered to be maize for animal feed. Based on this, the additional 
hectares of maize needed for anaerobic co-digestion were modelled to displace hectares of maize used for 
feed. As the production of maize (for energy) instead of maize (for feed), which represents the direct land 
use changes (DLUC) involved in this study, was assumed to result in negligible changes in emissions, the 
DLUC was excluded from the model based on the consequential LCA logic. The drop in supply of Danish 
feed maize resulting from this displacement will cause a relative increase in agricultural prices, which then 
provide incentives to increase the production elsewhere. Such increased crop production may stem from 
both increased yield and land conversion to cropland, the latter being also referred to as indirect land use 
changes (ILUC). This study included the environmental impacts of the latter only. Maize was considered to 
have a CH4 yield of 382 Nm
3 per tonne VS. ILUC was modelled as described in (Tonini et al., 2012), and 
resulted in an emission of 357 t CO2 eq. per ha feed maize displaced which was annualized over 20 y (i.e. to 
an annual figure of 18 t CO2 eq. ha
-1 displaced y-1). 
Digestate and nutrients 
When digestate from biogas production is applied to soil, less mineral fertilizer is necessary to be applied. 
In this model, it was assumed that the nutrients in the digestate replace a quantity of mineral fertilizers 
equivalent to 40 % for nitrogen, 90 % for phosphorus and 90 % for potassium. The same parameters were 
used in the case of raw manure application to soil and in the case of digestate from maize.  
Leftover carbon in the digestate was in all cases modelled as 90% released in the form of CO 2 within 100 
years. Thus 10% carbon storage was included. 
2.1.6.6 Incineration WtE and ash processing 
In this study waste incineration plants are applied on residue waste streams. In the reference system three 
different waste incinerators are used in recovering energy from the kerbside collected residual waste; 
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Odense Kraftvarmeværk A/S, Svendborg Kraftvarme A/S and Energnist7. For the alternative systems only 
Odense CHP will be applied in energy recovery of the RDF.  
Residue streams from pre-sorting of paper, cardboard and glass will be incinerated in Odense as well, 
assuming it is sorted at Marius Pedersen A/S and therefore locally disposed of. The dual -stream sorting will 
happen at Dansk Affalds plant in Vojens, Denmark, from which the residues will be sent for incineration at 
Haderslev Kraftvarmeværk (Elsam A/S). The residues related to plastics and NF-concentrates (from central 
sorting) sent for specialized treatment outside Denmark will be incinerated using efficiencies of an average 
European waste incinerator.  
Table 17: Electricity and heat recovery in incineration facilities 
 Odense 
CHP* 
Svendborg  
CHP** 
Kolding 
CHP*** 
Haderslev  
CHP**** 
Avg. EU  
CHP***** 
Heat 64.1 % 71.9 % 69.2 % 49.0 % 45.9 % 
Electricity 20.4 % 11.4 % 8.5 % 16.0 % 14.2 % 
*According to green account of Odense Kraftvarmeværk A/S 2013 (Vattenfall, 2013) 
**According to yearly report from Svendborg Kraftvarmeværk A/S 2013 (Svendborg Kraftvarmeværk, 2014)  
***According to green account from Trekantsområdets Affaldsselskab I/S 2013, average for both lines combined (TAS, 2014)  
****According to green account from Haderslev Kraftvarmeværk 2012 (DONG, 2012)  
*****Average European: CEWEP (Reimann, 2009). 
The main residue output, bottom ash, is typically stored for several months (the process is called ageing) to 
improve leaching properties, before it is processed to recover metals. An oxidation coefficient of 20 % was 
used in the model in order to account for significant shares of metals which become unavailable for 
recovery after the incineration process due to partial volatilization and surface oxidation (Biganzoli et al., 
2012) and during the ageing process (Vries et al., 2009). State-of-the-art mechanical-based sorting in 
Denmark achieves around 80% ferrous metals (Fe) recovery and 60% non-ferrous (NF) recovery (of metals 
present in metallic form) (Allegrini et al., 2014). 
 
2.1.6.7 Central sorting 
In this study Central Sorting is an alternative to direct incineration of residual waste from households. 
Central sorting takes place in high capacity facility (100,000-120,000 tonnes/year), which can be divided 
roughly into two sections: (1) mechanical pre-processing and automated material sorting, and (2) 
processing of organics. The latter section consists, depending on the system variant, of different processes 
which are described in the sections below. 
 
                                                                 
7
 Formerly known as Trekantsområdets Affaldsselskab I/S (TAS), Kolding 
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Figure 16: Process flow diagram for the residual waste Central Sorting plant. Colour coding: green flows – oversize line, yellow 
flows – middle line, and red flows – fines line. 
Mechanical pre-processing and automated material sorting 
The pre-processing section consists of bag opening and sieving in trommel and flatbed sieves. Following 
size fractionation through sieving, the input waste is now split into size intervals: >240 mm, 80-240 mm and 
<80 mm. The three streams are then processed individually downstream. The material directed to the 
middle line is also pre-conditioned by air classification and ballistic separation before sorting. Sorting is 
based on standard technologies using, magnetic separators for ferrous metals, eddy current separators for 
non-ferrous metals and near-infrared (NIR) sorters for plastics (both hard plastics and foil plastics). The 
organics separation is achieved by mechanical concentration in a fine material stream following the initial 
sieving steps. The concentrated organics are then fed to the next section of the plant.  
Biopulp production and biogas production 
In the system variants including this option of processing organics from CS, the concentrated stream from 
mechanical processing is fed to a wet pulping process. This process is the same used for pre -treatment of 
biowaste from separate collection. The technology is assumed to function with the same efficiency in the 
case of both types of input, due to the composition displayed, which in both cases is characterized by 
around 10 % contamination (non-biodegradable materials). 
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The biopulp recovered from the pulper is directed to biogas production. The biogas plant can be part of the 
Central sorting complex or a separate plant. Digestion was modelled on the same principles as biowaste 
digestion.  
Dry digestion 
Dry or high-solids digestion is anaerobic digestion performed with waste having TS content between 20 % 
and 50 %. Existing technologies are well suited for heterogeneous waste streams and do not require 
intensive pre-treatment. 
The process modelled in this study is based on the BEKON process, which used gas -proof box-shaped 
reactors, operated in batch mode at mesophilic temperatures (BEKON, 2015). The biomass intended to be 
digested is mixed on a 50:50 ratio with substrate that has already been digested (this serves as inoculum) 
and fed via front-end loader into the reactors. The substrate remains in the digester for a period of approx. 
4-5 weeks, however if subsequent digester cycles are considered the total retention time is approx. 8-10 
weeks. Once the material is inside the reactors no further mixing is required, however, excess cell fluid 
(percolation liquid) discharged during the fermentation process is collected by a drainage system and 
returned to the digesting material in a cycle to keep it moist. Wall and floor heating is used to keep the 
temperature of the microorganisms constant. 
Consumption of electricity has been measured to be 2-3 % of potential electricity production from the 
biogas produced (Karagiannidis et al., 2008). The digestion of the concentrated organics was assumed to 
have a CH4 yield of 290 Nm3 per tonne VS. 
Biological drying 
Biological drying or biodrying is a variation of aerobic decomposition (composting) performed in closed 
reactors, whereby the biological heat produced by microorganisms in the initial stages of decomposition is 
harnessed and augmented by intense forced aeration which facilitates the fast removal of moisture by 
convective evaporation (Velis et al., 2009). Many commercial scale technology providers exist. The process 
runs between 5 and 15 days (batch-wise), depending on the technology provider. 
In contrast to classical composting processes, which aim at maximum degradation,  the objective in 
biodrying is the fast removal of moisture, with minimum substrate degradation, until biological activity 
stops (15-20oC), rendering the output material storable for short-term (Grüneklee, 2002).  
In this study, the process was modelled based on Herhof technology. The substrate is biodried within air - 
and liquid-tight box reactors, with capacity of 600 m3. Filling/unloading and handling of the box lid can be 
done completely automatically by means of cranes. In the different system variants, the lower heating 
value (LHV) of the concentrated organics stream was increased from 4-5 MJ/kg to 11-13 MJ/kg, while the 
moisture content was reduced from 60-65 % to around 20 %,. On average, around 40 % of the organic 
substrate VS was consumed in the process. 
2.1.6.8 Material reprocessing and avoided primary production 
The management chain for recyclable materials, both from separate collection and recovered in the central 
sorting facility, consists of refining plants and reprocessing plants. In most cases both operations take place 
outside the case region. The latest literature was used to model transfers and especially material losses 
across the management chain. 
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Secondary materials compete with primary produced materials on commodity markets. At this point quality 
differences between secondary materials and their virgin counterparts determine the substitution potential 
of the latter by the former. This is especially significant for fibre-based materials (paper and cardboard) and 
plastics. The reprocessing yields and substitution ratios used in the model are presented in Table 18 below. 
Table 18: GW coefficients for secondary/reprocessing and avoided primary material production incl. reprocessing yield and 
substitution potentials used in the modelling 
    
CO2 eq.  
[kg/kg] 
Reprocessing 
yield (%) 
Substitution 
ratio (%) 
Paper secondary 0 81 % 90 % 
  primary  1.63 
  
Cardboard secondary 0 75 % 95 % 
  primary  0.97 
  
Glass secondary  0.63 92 % 100 % 
  primary 1.42 
  
FE-metals secondary  0.48 81 % 100 % 
  primary  3.01 
  
Aluminium secondary  0.87 82 % 100 % 
  primary 16.46 
  
Heavy NF  secondary 2.52 85 % 100 % 
(Cu) primary 6.50 
  
Foil  plastics secondary 0.99 75 % 70 % 
  secondary CS 0.99 60 % 70 % 
  primary  2.27 
  
Hard plastics secondary  1.20 75 % 80 % 
  secondary CS 1.20 60 % 80 % 
  primary 2.55 
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2.2 Results and discussion 
The section contains the results of the mass flow modelling as well as the carbon footprint assessment.  
2.2.1 Mass flow modelling results  
This part provides information on the mass flow analysis presented through flow charts as well as material 
and energy recovery in the different modelled systems.  
2.2.1.1 Mass flows and functional outputs in the simulated systems 
To visualize the systems designed and simulated in this study, process flow diagrams (PFDs) were drawn. In 
order to represent all the key system variants, PFDs for Systems 0, 2, 3, and 5, including all system variants 
were made (the PFD for System 0 is shown in Figure 18 and Figure 20, and the PFDs of Systems 2, 3 and 5 
are found in the Appendix 1), whereas System 1 and 4 are not represented by process flow diagrams, as the 
flows in these are ultimately the same as in system 2 and 5, with the only difference being related to the 
degree of implementation of biowaste collection (SF only or both SF and MF).  
In addition, illustrated in this section, are Sankey diagrams for System 0 (Figure 17 and Figure 19). Sankey 
diagrams are used to give a visualisation of the transfer of mass through a system (mass balance), which 
constitutes the backbone of any system analysis. This gives an easy overview of the size of the mass flows 
throughout the systems. Process flow diagrams, on the other hand, give additional information besides 
mass, such as regarding the functional outputs of the system like energy, secondary materials and organic 
fertilizer. More importantly process flow diagrams are intended to illustrate the interactions between the 
foreground system and background system, thus giving a full picture “from cradle to cradle”. It is important 
to state that some of the interactions with the background systems were not included in the process flow 
diagrams, in order not to agglomerate the drawings. These included the cascading effects leading to waste 
import for incineration and manure co-digestion, with both possible interactions: (1) avoided reference 
manure management and (2) avoided maize production.  
System 0, in its first variant with WtE (0-WtE) represents the reference, or the existing waste management 
in the region at the time this study was conducted (Figure 17 and Figure 18). The material flows collected 
for recycling, under various schemes, in the 10 municipalities are shown aggregated to three main flows, 
pertaining to their collection, either property close (kerbside) or in public collection points (the cube system 
and recycling centres). All residual waste collected in the region,  amounting to 111,800 tonnes, was 
transported to three incineration plants as described in Part 1 of this report. In the process flow diagrams, 
incineration is represented as one process, therefore the input and output flows are an aggregated 
representation of the three individual plants. 
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Figure 17: System 0-WtE: mass balance (Sankey diagram) 
 
 
Figure 18: System 0-WtE: process flow diagram; full lines indicate foreground and induced system flows and processes while 
dotted lines indicate avoided flows and processes (in the background system). 
System 0, with central sorting (CS) in its three variants, maintains the existing degrees of separate 
collection. However, all residual waste collected in the region was modelled as transported and processed 
in a central sorting facility. In the central sorting facility, metals and plastics (amounting to around 10,000 
tonnes/functional unit) are sorted from residual waste, and sent further to refining or recycling plan ts 
outside the region. Non-recoverable materials which have a high calorific content are concentrated in RDF 
streams (45,000 tonnes/functional unit) which can be stored temporarily and used for energy production in 
the existing incineration facilities (here the Odense incineration plant was modelled). Biodegradable 
organic fractions (i.e. food waste) are concentrated in a stream (57,000 tonnes/functional unit), the further 
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treatment of which was in this study modelled as three different options. The mass fl ows and system 
implications related to the three treatment options are illustrated in Figure 19 and Figure 20.  
 
Figure 19: System 0-CS: mass balance (Sankey diagram); coloured processes indicate foreground system changes compared to 
System 0-WtE. 
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Figure 20: System 0-CS-ADwet/ADdry/Biodry: process flow diagram; full lines indicate foreground and induced system flows and 
processes while dotted lines indicate avoided flows and processes (in the background system); coloured processes indicate 
foreground system changes compared to System 0-WtE. 
The process flow diagrams for other significant system changes; system 2 (biowaste collection all over), 
system 3 (dual-stream collection of recyclables) and system 5 (dual-stream and biowaste collection all over) 
can be found and studied in appendix 1. In general the interaction with the background systems changes 
from energy production towards material as well as mineral fertilizer production, the more source 
separation is applied to the systems.   
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2.2.1.2 Material recovery – source separation and recycling 
This section is divided into two parts. The first part being related to source separation, including both 
recyclable material and biowaste, and the second being related to material recovery (excluding biowaste) 
from all parts of the systems including source separation, central sorting and bottom ash metal recovery.  
Source separation 
The table below (Table 19a+b) shows results from the mass model, detailing the quantities of waste 
collected separately in each of the 6 simulated systems. With consideration to the functional unit used in 
this study, the following can be delineated: 
 Approximately 29 % of domestic household waste was collected separately and directed towards 
recycling or composting in the current waste management system in the region (2013, System 0);  
 Implementation of separate collection of biowaste in single-family residences throughout the region 
was estimated to add another 17 %, increasing the separate collection rate in the region to 46 % 
(System 1); 
 Owing to the relatively small ratio of multi-family residences in the region, their somewhat lower waste 
generation rate and source separation efficiency, the institution of separate collection of biowaste in 
multi-family residences throughout the region was estimated to only contribute an additional 4 % 
increase to the total separate collection (System 2); 
 Despite the fact that separate collection of recyclable materials is already relatively high in some 
municipalities, the homogenous installation of a kerbside commingled scheme (such as DuoFlex) was 
estimated to have a great impact on the recovery of materials for recycling in the region, leading to a 
possible increase in total separate collection of 12 % compared to the existing disparate schemes 
(System 3); 
 If separate collection of biowaste is added to the kerbside commingled collection of recyclables, the 
total separate collection rate was estimated to increase well above 50 % of generated domestic waste; 
that is 58 % with biowaste collected in single-family residences (System 4) and 63 % when multi-family 
residences are also included (System 5). 
  
Table 19a: Total separate collection achieved in the simulated systems 
  Total generated System 0 System 1 System 2 
      Separate collection Separate collection Separate collection 
Waste fraction tonne/year wt.% tonne/year wt.% tonne/year wt.% tonne/year wt.% 
Bio-fraction 58,095 37 % 2,430 2 % 27,401 17 % 33,614 21 % 
Paper fraction 34,485 22 % 23,173 15 % 23,173 15 % 23,173 15 % 
Paper-card fraction 12,782 8 % 4,759 3 % 5,349 3 % 5,490 3 % 
Beverage carton fraction 2,599 2 % 0 0 % 0 0 % 0 0 % 
Foil plastic fraction 6,544 4 % 298 0 % 298 0 % 334 0 % 
Hard plastic fraction 6,977 4 % 2,613 2 % 2,907 2 % 2,978 2 % 
Glass fraction 11,187 7 % 7,991 5 % 8,079 5 % 8,115 5 % 
Fe-metals fraction 4,763 3 % 2,163 1 % 2,222 1 % 2,236 1 % 
Al fraction 1,699 1 % 808 1 % 808 1 % 808 1 % 
Heavy metal fraction 376 0 % 154 0 % 154 0 % 154 0 % 
Rest 17,501 11 % 829 1 % 1,836 1 % 2,387 2 % 
Total 157,007 100 % 45,218 29 % 72,227 46 % 79,287 50 % 
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Table 19b: Total separate collection achieved in the simulated systems (continued) 
  Total generated System 3 System 4 System 5 
      Separate collection Separate collection Separate collection 
Waste fraction tonne/year wt.% tonne/year wt.% tonne/year wt.% tonne/year wt.% 
Bio-fraction 58,095 37 % 2,430 2 % 27,401 17 % 33,614 21 % 
Paper fraction 34,485 22 % 30,222 19 % 30,222 19 % 30,222 19 % 
Paper-card fraction 12,782 8 % 8,660 6 % 9,249 6 % 9,391 6 % 
Beverage carton fraction 2,599 2 % 0 0 % 0 0 % 0 0 % 
Foil plastic fraction 6,544 4 % 3,100 2 % 3,100 2 % 3,135 2 % 
Hard plastic fraction 6,977 4 % 4,052 3 % 4,347 3 % 4,417 3 % 
Glass fraction 11,187 7 % 9,806 6 % 9,895 6 % 9,930 6 % 
Fe-metals fraction 4,763 3 % 2,751 2 % 2,810 2 % 2,824 2 % 
Al fraction 1,699 1 % 1,151 1 % 1,151 1 % 1,151 1 % 
Heavy metal fraction 376 0 % 255 0 % 255 0 % 255 0 % 
Rest 17,501 11 % 2,117 1 % 3,123 2 % 3,674 2 % 
Total 157,007 100 % 64,545 41 % 91,554 58 % 98,614 63 % 
Full system material recovery 
The total amount of materials directed towards recycling, as presented in Table 19, is however higher still, 
if metals recovered from incineration ash or alternatively, metals and plastics recovered in the central 
sorting plant, are also accounted. 
Central sorting will not change the amount of paper, cardboard and glass recovered for recycling, since only 
metal and plastic concentrates are recovered (and a bio-concentrate). Figure 21 gives an overview of the 
mass flows throughout the central sorting facility. The input composition of the waste is crucial to the 
outputs, and since the composition of the residual waste varies among the different degrees of source 
separation, a generic flow has been presented (not directly representing any system variant). The streams 
of metals and plastic polymers might seem insignificant compared to the flows of RDF and concentrated 
organics, and the value of recovering metals and plastics should therefore be put into perspective. Table 20 
shows, how much is recovered from the central sorting facility in terms of metals and plastics related to the 
two system variants, that affects the direction of recyclable material the most significantly; that being 
system 0 and system 3. System variants including source separation of biowaste only affects the recovery of 
Fe-metals and plastics from central sorting slightly because of miss-sorting, i.e. some of the plastics and Fe-
metals are collected in the bio-bin and the material is not recovered from the reject.  
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Figure 21: Sankey diagram for the Central Sorting plant, the mechanical processing and automated sorting section (the input 
composition was generic, thus the size of the flows does not represent accurately any system variant, as the model results ar e 
different for each system variant which includes CS).  
Direct incineration of the residual waste stream will mean, that the plastics within the stream will be lost. 
However, it is possible to recover part of the metals from the remaining bottom ashes from the 
incineration. The metals will be oxidized through the incineration process, and parts of it  will be bound to 
the ash particles, whereby some of the metals will be lost after incineration. Parts of it will though be 
recovered through bottom ash sorting, and Table 20 gives an overview of, how much is recovered in the 
two system variants, which affects recovery of recyclables the most (system 0 and system 3). The recovery 
is presented for both direct incineration of the residual waste and central sorting applied before 
incineration.  
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Table 20: Material recovery from bottom ash and central sorting in the 2 main system variants related to recovery of recyclable 
material i.e. plastics and metals (tonnes/year). Metal fractions represent pure metals, i.e. the metal concentrates from cent ral 
sorting and bottom ash sorting after further sorting. 
Material (tonnes/year) System 0 System 3 
 WtE CS WtE CS 
 Bottom ash 
Mechanical  
sorting 
Bottom ash Bottom ash 
Mechanical 
sorting 
Bottom ash 
Aluminum 419 548 156 285 337 123 
Heavy NF metals 105 137 39 63 75 27 
Fe-metals 1,682 2,293 241 1,279 1,774 165 
Hard plastics  2,188   1,476  
Foil  plastics  2,743   1,514  
Total (tonnes/year) 2,206 7,909 437 1,627 5,176 315 
Total (% of generated) 1.4 5.0 0.3 1.0 3.3 0.2 
Combining source separated material, centrally sorted material and metal recovery from bottom ash, the 
material recovery for the two significant system changes have been summed and displayed in Figure 22. 
This displays 4 bar charts for comparison; system 0-WtE, System 0-CS, System 3-WtE and System 3-CS. The 
systems are compared based on material collection (red bar) of each material fraction relative to the 
potential (dark blue bar) in the system. The figure also presents the losses through sorting and reprocessing 
(purple and light blue bar) as well as the substitution ratio (orange bar), i.e. how much virgin material is 
replaced. Additional to the red bar (separate collection), a light red and a light green bar can be found; 
these representing recovery from bottom ash and central sorting respectively.  
The figure shows how the recovery of paper, cardboard and glass increase, when changing the separate 
collection from the existing collection system (system 0) to the dual-stream collection (system 3). 
Additionally comparing 0-WtE with 3-WtE shows, that increasing separate collection will increase recovery 
of metals and plastics as well. The sorting losses related to hard plastics are though quite significant , since 
there is a great loss in the sorting of the dual-stream plastic polymers (non-recyclable plastics). Also the 
significance of recovering metals from bottom ash becomes quite visible, since the source separation is 
increased by 14 %, whereas the input to reprocessing only increased by 6 %.  
Comparing 0-CS with 3-CS show very modest improvements in material recovery (and input to 
reprocessing) of metals and hard plastics, when having a combination of improved source separation (dual-
stream collection) and central sorting, compared to keeping the existing collection scheme, and treating the 
residual waste through central sorting. This indicates, that in system variants with central sorting applied, 
improved source separation of recyclables through dual -stream collection will only benefit in terms of 
paper/cardboard and glass recovery.   
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Figure 22: Material recovery efficiency in two main system alternatives including WtE and CS variants  
Compared to source separation alone, central separation of metals and plastics will increase the material 
recovery rate with about 5 %-points in the systems 0, 1 and 2 (i.e. systems having the existing structure of 
collecting recyclable material) and about 3 %-points in system 3, 4 and 5 (i.e. systems having a dual-stream 
collection of recyclables). 
The centrally recovered bio-concentrate cannot be treated in the same way as source separated biowaste 
in terms of disposal. Nutrients within the biomass cannot be recirculated (because of peak -load risks of 
contamination) and the centrally separated biomass will therefore only be utilized for energy purposes.  
2.2.1.3 Energy recovery – electricity and heat 
Figure 23 below resumes modelling results on energy balances for 24 system variants. These being related 
to four main system variants: system 0 (existing collection scheme), system 2 (biowaste collection all over), 
system 3 (dual-stream collection) and system 5 (dual-stream collection and biowaste collection all over) 
including variations of mono- and co-digestion of source separated biowaste. Figure 23 does not include 
the additional energy that would be produced from imported waste, due to cascading effects , which is 
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illustrated in Figure 24. Positive values represent production in a system, while negative values sum the 
total energy consumed in the same system. Colour coding is used to illustrate the “quality” of electricity 
and heat produced from waste, i.e. purple and blue are used to indicate continuous electr icity and heat 
production, red is an indicator of flexible electricity (from biomethane) and heat (from RDF), and brown 
indicates system consumption. 
 
Figure 23: Electricity and heat production (positive values) and consumption (negative values), in 4 main systems, including 8 
system variants with mono-digestion and manure co-digestion. 
As can be observed, in system variants which include biogas production the total production of electricity 
was higher than in system variants with only incineration (i.e. 0-WtE, 0-CS-Biodry, 3-WtE and 3-CS-Biodry). 
However, the same systems (with biogas) produced overall less heat. Own system consumption of 
electricity was significantly higher in system variants with central sorting. When consumpti on is accounted 
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in the balance it seems to indicate that all variants with central sorting produce a net output which is 
smaller than their WtE alternative. The highest net electricity output of all system variants was found for 2-
WtE when co-digestion with manure was included (avoiding reference manure management).  
Although heat production was lower in all system variants with central sorting, the “quality” of recovered 
heat is starkly different. The model output indicated that most heat can be produced w ith flexibility, i.e. 
from RDF stored temporarily until the cold season. This is expected to overall lead to higher environmental 
savings despite the lower heat output.  
 
Figure 24: Electricity, heat production and import balance (positive values) and consumption (negative values), in 4 main 
systems, including 8 system variants with mono-digestion and manure co-digestion. 
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The introduction of the dual-stream collection of recyclable materials (3-WtE) has a significant effect in 
reducing the total electricity and heat that can be produced from remaining residual waste. The “trade -off” 
for achieving increased material recycling amounted to around 20% decrease in energy recovery compared 
to the reference system (0-WtE). 
As can be observed in Figure 24, when cascading effects considering waste import are included in the 
model, more electricity and heat is in general produced in all system variants, compared to the reference 
system (0-WtE). This assumes the continued utilization of the incineration capacity in the region at the 
levels observed for 2013.  
2.2.2 Carbon footprint results 
Starting with the 24 main system variants, 16 of which can be modelled in 3 different perspectives 
(biowaste mono- and co-digestion), and adding the fact that all system variants can be modelled in 4 
background time periods, this study has produced 224 (8*4+16*3*4) main sets of carbon footprint results. 
These 224 variants were further modelled considering 2 biomass marginal perspectives (progressive and 
dirty), each with 2 amortization periods. This brings the total number of unique variants and thus carbon 
footprint results to 896.  
Additional results can be produced in a facile manner with the developed model by removing the cascading 
effects of combustible waste imports and by directing RDF to heat only boilers. 
In order to present in a systematic way the wealth of information pertaining to the modelling results, we 
will structure this section on the basis of research questions which have fundamentally driven this work. 
The results presented in the main body of the report are based on the biomass marginal perspective of a 
progressive marginal (in the two amortization periods), while  the results for the dirty biomass marginal 
perspective can be found in appendix 2.  
2.2.2.1 Does it pay off to do central sorting of residual waste instead of direct 
incineration? 
Figure 25 illustrates the carbon footprints of System 0 with incineration (0-WtE) and with central sorting (CS 
alternatives), for the 4 background time periods and considering biomass marginal amortization periods of 
100 years (A) and 20 years (B). 
As can be observed, all system variants were shown to save significant amounts of GHG emissions in all four 
background time periods. Savings related to material recycling remain constant in all three time periods, 
because the global energy marginal behind primary material production were considered unchanged in the 
time periods in question in this study. This is in contrast to savings related to energy production from waste 
in Denmark, which mostly decrease over time, in relation with the background energy marginals used in the 
model. The time periods take into consideration the major changes in the Danish energy system, w hich 
over time becomes less fossil dependent and therefore less carbon-intensive. The “quality” of electricity 
and heat production from waste, in terms of production flexibility, becomes important in the Mid -term and 
Long-term time perspectives, as for the Present time period flexible production was not credited differently 
than continuous production. 
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Figure 25: System 0 (existing separate collection) with WtE or CS of residual waste, with biomass marginal amortization of 100 
years (A) and 20 years (B). 
 
The different amortization periods, associated to emissions related to biomass provision, influenced the 
GHG savings related to energy in the Long-term and Beyond 2050 time periods. Specifically, it resulted in a 
(A) 
(B) 
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similar increase in net savings for both 0-WtE and 0-CS in the Long-term, however net saving become 
nearly double for 0-CS in the Beyond 2050, compared to a 25% increase for 0-WtE.  
 
Figure 26: System 0 (existing separate collection) with WtE or CS of residual waste, results associated to the bio-fraction in the 
functional unit (100 years amortization for the biomass marginal). 
A number of aspects can be delineated: 
 In the Present time perspective, the reference system based on residual waste incineration and the new 
system design based on central sorting achieved similar net GHG savings (without the inclusion of waste 
import). 0-CS variants showed increased savings due to material recycling; however net system savings 
were reduced by a decrease in savings associated to energy production and due to additional system 
burdens (e.g. sorting, digestate management). Processing of residual waste in central sorting alongside 
existing incineration facilities in the region, lead to excess incineration capacity which could be filled 
with waste from outside Denmark. When the savings credited to combustible waste import are 
included, they benefit especially the two CS variants with biogas production, which then achieve higher 
GHG savings compared to 0-WtE (Figure 25). 
 In the Mid-term perspective (compared to Present), net savings in the reference WtE-based system 
decreased by more than 30 %, compared to 15-20 % for the CS system variants. This difference 
translated into an advantage for CS variants which then were credited with 10-15 % more net GHG 
savings than the WtE variant. The difference was related entirely to production and flexible utilization of 
biomethane and RDF.  
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 In the Long-term perspective, savings in the reference system decreased by almost 50 % compared to 
the Present time perspective. In contrast the decrease is only 25-30 % for the CS system variants. The 
gap between CS variants and 0-WtE became more significant, at 20-25% difference in net GHG savings. 
This was again related entirely to production and flexible utilization of biomethane and RDF.  
 Another interesting aspect can be pointed with regards to central sorting with biodrying (0-CS-Biodry), 
this variant achieved higher savings (compared to WtE) in the future background perspectives despite 
the fact that no biomethane is produced in this system variant, which highlights that the savings related 
to flexible heat production from storable RDF become important in the future.  
 Looking at the bio-fraction in isolation, we can observe that CS variants with biogas perform similarly to 
WtE from Present to Long-term, however CS-Biodry performs worse than WtE. In the Beyond 2050, 
saving by WtE were near 0 while CS alternatives retained small GHG savings. The magnitude of the latter 
savings would double when considering a 20 year amortization period for the biomass marginal.  
To conclude this section, the answer to the posed research question is, not surprisingly, dependent on the 
background conditions under which a system is assessed. Most important is the realization that under 
present conditions, central sorting of residual waste compared to efficient incineration does not entail a 
decrease in GHG emission savings, but could lead to an increase of savings due to freed incineration 
capacity. Moreover, if the modelled Mid-term, Long-term and Beyond 2050 background conditions are 
deemed realistic, then central sorting has a definitive advantage over direct waste incineration in the 
future. 
2.2.2.2 Does it pay off to do separate collection of biowaste from households? 
To answer this second research question, results from system variants without (0-WtE) and with biowaste 
separate collection (2-WtE) were compared (Figure 27A,B), taking into account the four background time 
perspectives. Biowaste from separate collection can be processed alone in a dedicated biogas facility, or it 
can constitute a co-substrate in manure-biogas facilities. Both options have been included in the present 
study. Furthermore, when biowaste is co-digested with manure, it will have two complementary/synergetic 
effects, whereby (1) it can create the opportunity for more manure to be directed towards biogas facilities, 
and (2) it will replace another, marginal, co-substrate, here modelled as maize for energy. 
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Figure 27: System 0-WtE (no separate collection of biowaste) and 2-WtE (biowaste collection in both single and multi-family 
residences), with biomass marginal amortization of 100 years (A) and 20 years (B). 
(A) 
(B) 
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Figure 28: System 0-WtE (no separate collection of biowaste) and 2-WtE (biowaste collection in both single and multi-family 
residences), results associated to the bio-fraction in the functional unit (100 years amortization for the biomass marginal)  
A number of aspects can be delineated from the comparative results: 
 System variants with biowaste separate collection and processing in mono-digestion biogas facilities 
achieved roughly the same net GHG savings as the reference WtE-based system, in all four background 
time perspectives. Nevertheless, this result depends on foreground system choices, such as the 
efficiency of the WtE facilities (the three in the system), assumed biogas yield and fugitive CH4 
emissions in the biogas production, upgrading and utilization chain. 
 System variants with biowaste separate collection, followed by co-digestion with manure, achieved 
overall higher net GHG savings than the reference WtE-based system, in all four background time 
perspectives. (1) if biowaste co-digestion was credited with allowing for more manure-biogas to happen, 
and therefore avoiding the reference manure management (storage and direct spreading), system 
variants achieved around 5-10% more savings compared to the 0-WtE variant. (2) if biowaste was 
considered to avoid the production of an energy crop, in this study maize, the difference in savings 
increased to a considerable 20% to 100% between Present and Beyond 2050. 
To conclude this section, biowaste separate collection was found advantage ous in background conditions 
spanning 2012-2050+, considering especially the significant GHG reduction potential pertaining to co-
digestion with animal manure. Considering the current and future political position in Denmark towards 
manure-biogas, it is expected that, in any case, if separate collection of biowaste does occur, biowaste 
would be used as a co-substrate due to the high demand of suitable biomass for co-digestion. 
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2.2.2.3 Does it pay off to do separate collection of biowaste and also recover organics for 
biogas in central sorting? 
With separate collection of biowaste in both single and multi -family residences, applied in the whole 
region, we have estimated that between 50-60% of generated food waste could be captured and directed 
to biogas production. Therefore a significant share of the organic fraction would still be collected with 
residual waste. According to the output from the mass flow model, approx. 90% of the organics left in the 
residual waste, could be recovered in a concentrated stream in the central sorting facility. The effects of 
combining separate collection of biowaste and central sorting are illustrated in Figure 29A and B, taking 
system variant 2-CS-ADwet as an example.  
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Figure 29: System 0-WtE (no separate collection of biowaste) and 2-CS-ADwet (biowaste collection in both single and multi-
family residences, central sorting and wet digestion of bio-concentrate), with biomass marginal amortization of 100 years (A) 
and 20 years (B). 
(A) 
(B) 
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Figure 30: System 0-WtE (no separate collection of biowaste) and 2-CS-ADwet (biowaste collection in both single and multi-
family residences, central sorting and wet digestion of bio-concentrate), results associated to the bio-fraction in the functional 
unit (100 years amortization for the biomass marginal) 
A number of aspects can be delineated from the comparative results: 
 With the addition of central sorting of residual waste, the system variant with separate collection of 
biowaste and mono-digestion thereof, achieved roughly the same GHG savings as the 0-WtE in the 
Present time perspective without the inclusion of waste import. With waste import included, as 
illustrated in Figure 29, the 0-CS variant achieved higher savings compared to 0-WtE. However, in the 
Mid-term, Long-term and Beyond 2050 time perspectives, the same variant gained a significant 
advantage over 0-WtE, which can be associated to extra biogas production after central sorting, 
followed by flexible electricity production (Figure 29). 
 With the addition of central sorting of residual waste, the system variant with separate collection of 
biowaste and co-digestion thereof with animal manure, achieved substantially higher savings than the 
reference 0-WtE systems, in all three time perspective. These savings are also significantly bigger than in 
the systems with only separate collection of biowaste and residual waste incineration (previous research 
question), again reflecting the extra flexible electricity production due to sorting of organics in the 
central sorting facility. 
 A significant share in the overall increase in savings observed in the Mid-term, Long-term and Beyond 
2050 time periods for the CS variants is attributed to the use of storable RDF for heat production in the 
cold season.  
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 Compared to the results considering an amortization period for the biomass marginal of 100 years, the 
use of the 20 year amortization perspective, determined a stronger increase in potential savings 
especially in the Beyond 2050 time period. 
To conclude, central sorting can make an important contribution to increasing flexible electricity 
production, even when biowaste is collected separately from households. This in turn was shown to have a 
positive impact, leading to even greater GHG saving a future dominated by renewable energy source, 
compared to employing separate collection alone. 
2.2.2.4 Does it pay off to change the various separate collection schemes for recyclable 
materials in Funen to a kerbside commingled scheme? And what could be the 
additional contribution to material recycling of central sorting? 
One of the main waste management system changes investigated in this study w as regarding the 
implementation throughout the region of a homogenous kerbside collection scheme for dry recyclable 
materials. The mass flow model predicted that this approach would lead of a substantial increase in 
separate collection of recyclables from the current (reference) of 29% (relative to all daily generated 
domestic waste (FU)) to around 41%. Additionally, the model showed that a considerable amount of metals 
and plastics can be recovered directly from residual waste in the central sorting facili ty.  
Figure 31 illustrates GHG burdens and savings associated with material recycling, broken down per material 
fraction, for System 0-WtE (existing separate collection), 0-CS (existing separate collection plus central 
sorting), 3-WtE (new kerbside dual-stream) and 3-CS (new kerbside dual-stream and central sorting). 
 
Figure 31: Burdens (positive) related to reprocessing to secondary materials, and benefits (negative) due to avoided primary 
material production. 
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A number of aspects can be delineated from the comparative results: 
 The major share of savings in the reference system can be attributed to paper, cardboard and metals. 
Metals recovered from incineration ash contribute more than a third of the total GHG savings attributed 
to metals. 
 Switching in System 0 from WtE to CS, could bring substantial GHG savings due to plastics and metals 
recovery (increasing savings from 62,000 to 70,000 tonnes CO2 eq. /year). 
 The transition from the existing disparate separate collection schemes in the region, to a kerbside dual-
stream scheme (from 0-WtE to 3-WtE), could potentially increase savings by more than 30 % (from 
62,000 to 79,000 tonnes CO2 eq. /year). 
 Even with efficient separate collection of recyclable from households, significant amounts of plastics and 
metals are still expected in residual waste. Having CS in the system could insure additional material 
recovery, and this is reflected in the additional GHG savings in system 3-CS. 
From the perspective of material recovery for recycling, carbon footprint results suggest strong benefits by 
changing the existing collection schemes for dry recyclables, and by means of application of central sorting 
on remaining residual waste in the system. 
2.2.2.5 What is the effect of combustible waste import in the Present and Mid-term time 
period? 
There are four Danish incineration facilities included in the system model. Three are the main ones in use 
today in the region, additionally the incineration facility in Haderslev is modelled in Systems 3, 4 and 5 due 
to the fact that this facility is used to incinerate the sorting residues from the dual -stream. 
In all systems, departing from the reference system (0-WtE), incineration capacity is made available (or 
overcapacity occurs) due to diversion of waste towards other types of treatment. This extra capacity can 
then be utilized to treat imported combustible waste, as explained in section 2.1.5.4, thereby not only 
maintaining the existing incineration facilities in the system, and the same energy output, but also helping 
reduce waste landfilling in countries which do not yet have enough treatment capacity.  
Due to the nature of the changing energy system in Denmark, and according to the energy marginal used in 
this study to simulate these changes,  waste import leads large GHG savings in the Present time period, to 
smaller GFG savings in the Mid-term and could even lead to net GHG burdens in the Long-term time 
perspective. In all cases the size of these benefits is different for the four facilities. The net benefits and a 
breakdown per contributing processes are illustrated in Figure 32 and Figure 33, considering the two types 
of avoided landfill modelled (low vs. high efficiency). To note, the net values used in the determination of 
the whole system carbon footprints has been the average of the two. As all processes are more or less 
equal in effect, except for energy recovery, the difference in savings is dependent on the energy recovery 
efficiency of each individual plant.  
The figures show that the process of landfilling in the UK with high gas capture rates and gas utilization in a 
gas motor for electricity production, has net GHG savings (due to recovery of landfill gas and utilization 
thereof). Nevertheless, the net savings related to energy recovery in Denmark are on a much larger scale in 
the Present perspective, and therefore, this indicates a strong incentive to import waste today. In the Mid-
term perspective, net savings become net burdens for all four plants. 
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In the case of landfills, that are less efficient in capturing gasses and the captured gas is only flared, strong 
savings by import arise for all four plants, even in the Mid-term perspective. 
 
Figure 32: GHG balance for the import of one tonne of waste in the Present time perspective 
 
Figure 33: GHG balance for the import of one tonne of waste in the Mid-term time perspective 
 
2.3 Conclusions to Part 2 
2.3.1 Material and energy recovery 
Following the Results and discussion section of Part 2, the main conclusions addressing mass flows, 
material and energy recovery are summarized in this section. 
Materials recovery aspects:  
 With consideration to the functional unit of this study, i.e. 157,000 tonnes of waste under the definition 
of daily generated domestic household waste, the current waste management system in the region of 
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Funen, achieved in 2013 a total separate collection efficiency of roughly 29% or around 45,000 tonnes. 
Metals recovery from incineration ash accounted for an additional 1-2 %, bringing the total recovery 
rate to 30-31 %. 
 The five simulated alternative systems were shown to potentially increase separate collection to 50 % 
with source separation of biowaste (System 2), 41 % with separate collection of recyclables in kerbside 
dual-stream (System 3), and to 63 % with both biowaste and dual-stream separate collection (System 5).  
 In system variants with WtE, 1-2 % additional material recovery was added by metal sorting from 
incineration ash, while in system variants with Central sorting, automatic sorting contributed an 
additional 5 % materials recovery in System 0-2 and 3 % in Systems 3-5, and therefore the actual total 
material recovery rate was 55 % in System 2, 44 % in System 3 and 66 % in System 5.  
 Materials recovered for recycling contain impurities, fractions not suitable for recycling and many times 
moisture contents higher than virgin produced materials, thus the actual material recycling rates are 
always significantly lower than material recovery rates (Figure 22).  
Energy recovery aspects: 
 Net electricity recovery from waste (when system consumption was subtracted) was higher in every 
system simulated for the WtE variants compared to CS variants. Overall, there was a shift in the quality 
of recovered electricity from 100% continuous power production today to 25-50% flexible/regulating 
power production in system variants which include biogas production. The larger shares of flexible 
power production occur in variants with CS-ADwet/ADdry, both in systems with and without separate 
collection of biowaste. 
 Net heat recovery was also shown to decrease significantly in CS system variants compared to WtE. 
However, between 50% and 80% of produced heat in CS variants is of a higher quality, given by the fact 
that it can be utilized entirely in the cold season (heat from storable RDF). 
 When the continued use of the incineration capacity in the region is factored in the systems (in the 
Present and Mid-term), it is possible to see an overall increase of energy from waste in the region, 
despite the diversion of local waste from incineration facilities. 
2.3.2 Carbon footprint of alternative systems 
The global warming potential of total GHG emission effects of the 24 main system variants simulated in this 
study (6 main systems, each with 4 system variants) were assessed considering the development of the 
background energy system in Denmark towards 2050 in 4 different time perspective and whether biowaste 
was mono-digested or co-digested with manure. The most important concluding aspects are pointed 
below: 
 The sole change from residual waste incineration to central sorting (both with the current separate 
collection system and the alternative dual-stream), was shown beneficial from a global warming 
perspective in all four background time periods. This was due to a threefold contribution by central 
sorting to: (1) GHG savings by material recovery for recycling, (2) GHG savings by contributing to flexible 
power and heat production, and (3) GHG savings from combustion of imported combustible waste, due 
to liberated incineration capacity. 
 Biowaste separate collection was found to contribute to significant GHG savings compared to 
incineration of the organic fraction if co-digested with manure. With regard to the two consequential 
perspectives, i.e. avoided reference manure management and avoided production of energy crops, the 
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latter was found to have the largest GHG savings potential, due to avoided direct and indirect land use 
changes associated with the production of energy crops. 
 System variants with separate collection of biowaste (co-digestion) and central sorting of residual waste 
achieved higher GHG savings than variants with biowaste and waste incineration. In fact, the former 
variants achieved the biggest potential savings of all variants in all three time perspectives, due to the 
cumulative effect of favouring factors described in the two previous points. 
 Changing the different existing separate collection systems for recyclable materials to a homogenous 
kerbside system (the dual-stream) was shown to be beneficial from global warming perspective, due to 
large potential GHG savings credited through avoided material production from virgin sources. In 
addition, despite the fact that central sorting only contributed with around 3-5 % to overall material 
recovery in the systems, GHG savings associated with recycling of materials from CS contributed with 7-
10 % of total system savings. 
Overall, the system differences or changes from the current waste management in the region, which were 
modelled in this study, became more important moving towards the Long-term and Beyond 2050 simulated 
background conditions. This assessment strongly indicates that from a global warming perspective there 
are considerable advantages associated with an evolution of waste management in the region towards 
greater synergy with the background systems of the future and also towards increased recycling.  
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3 Part 3: Economic assessment 
Part 3 of this report documents the methods and results obtained following the budget-based economic 
analysis of selected full system presented in Part 2 of this study. 
3.1 Methods 
3.1.1 Budget economic analysis 
The method used to compare the existing and possible alternative waste management systems in the 
region of Funen was a budget-based economic analysis, which constitutes a total balance of costs and 
benefits over the whole system, without the inclusion of current taxes and subsidies.  Moreover, the 
difference between a budget economic analysis and a socio-economic analysis is that the budget economic 
analysis includes only the direct financial cost / benefits and no externalities (costs associated with 
environmental burdens or savings). Tax distortion losses were not included. Agricultural and environmental 
beneficial effects of biogas production are not valued in this report, and are not recognized. 
The cost elements included in this analysis are: (1) investment costs, (2) annualized capital expenditure 
(Capex), (3) operational expenditure (Opex) and (4) revenues from sale of functional outputs, such as 
materials and energy. The results are expressed as total net yearly system costs.  
The economic analysis covers the first three time periods included in the study, with some important 
limitations. Background energy and energy feedstock prices have been projected for the fu ture time 
periods based on available projections from the Danish Energy Agency and Ene rginet. However, no 
projections have been made for materials sales prices, and also for potential capital and operational 
expenditure changes. 
3.1.1.1 Investment and capital expenditure 
Investment costs were compiled from a variety of sources, such as data provided by the municipalities in 
the region for existing facilities and collection systems, Danish benchmarking reports in the waste sector 
(RenoSam, 2011), the Danish Energy Agency and Eneginet.dk technology catalogue (DEA and Energinet, 
2012) and a number of consultancy reports and research literature (Ea Energianalyse, 2014, Møller et al., 
2013, Cimpan et al., 2015a). Investment costs for central sorting and biowaste pre-treatment have been 
determined in this work directly through techno-economic modelling.  
Capital expenditure (Capex) represents costs related to investment and borrowing of capital. Since all 
investments have a lifetime below 35 years, a fixed interest rate of 4 % was used according to the 
recommendation of the Danish Ministry of Finance (Danish Ministry of Finance, 2013). The two main 
equations used to calculate Capex are presented below: 
Capex=IC*CRF       (1) 
CRF=i*(1+i)n/[(1+i)n-1]       (2) 
IC denotes total investment cost. 
CRF denotes capital recovery factors which are calculated by using i, which is the interest rate of borrowing 
capital and n, the life time of assets. The life time of assets (or depreciation periods) is different for 
buildings (20-25 years), fixed processing equipment (8-15 years) and mobile equipment (5-8 years). 
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3.1.1.2 Operational expenditure 
Operational expenditure (Opex) comprises cost of labour, utilities (electricity, heat and fuel), 
repair/maintenance costs and insurance. Most data on operational and maintenance costs have been 
compiled from the same sources as investment costs. 
3.1.1.3 Revenues from sale of functional outputs 
The prices or value of recyclable materials from separate collection and following central sorting of residual 
waste, used in the model, represent the average of a quite broad interval of variation. Both the minimum 
and maximum limits of these intervals can be changed in order to test different price ranges. Sources for 
price data have constituted the municipalities in the region (especially prices for materials collected at 
recycling centres) and consultancy reports such as Møller et al. (2013) and Jakobsen et al. (2014). Prices for 
materials recovered in central sorting were estimated based on pure material content and price levels from 
similar facilities placed in Germany. 
3.1.2 Selected systems and costing alternatives 
Table 21 below gives an overview of the systems include in the economic analysis. 
Table 21: Overview of systems included in the economic analysis 
Systems 
archetypes 
Separate collection Treatment of remaining residual waste 
WtE:  
Incineration 
CHP 
CS-ADwet: 
Central sorting 
with wet 
digestion 
CS-ADdry: 
Central sorting 
with dry 
digestion 
CS-Biodry: 
Central 
sorting with 
biodrying 
System 0 Existing schemes 0-WtE 0-CS-ADwet 0-CS-ADdry 0-CS-Biodry 
System 2 Existing schemes + 
Biowaste SF and MF 
2-WtE 2-CS-ADwet 2-CS-ADdry 2-CS-Biodry 
System 3 Dual-stream 3-WtE 3-CS-ADwet 3-CS-ADdry 3-CS-Biodry 
System 5 Dual-stream + 
Biowaste SF and MF 
5-WtE 5-CS-ADwet 5-CS-ADdry 5-CS-Biodry 
Four different options on the use of biomethane and RDF were considered in the cost calculations, in order 
to explore if overall system economic efficiency can be enhanced. The options were:  
- Biomethane electricity and heat production and RDF CHP 
- Biomethane sale and RDF CHP 
- Biomethane electricity and heat production and RDF heat only boiler  
- Biomethane sale and RDF heat only boiler 
3.1.3 Inventory 
3.1.3.1 Collection  
Sizing of the collection system  
The collection schemes are different for single-family and multi-family residences. Smaller individual bins 
are allocated to single-family households (0.14-0.24 m3), while larger common bins are shared by more 
families in the case of multi-family residences (0.40 and 0.66 m3). The types of bins allocated are presented 
in Table 22.  
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Table 22: Types of collection containers in the systems 
  Single-family kerbside Multi-family kerbside Cube system 
System Residual  Paper Other Dual-
stream 
Biowaste Residual  Paper Dual-stream Biowaste Paper/ 
Card 
Glass 
0-WtE 190 L 140 L 240 L   140 L 400 L/660 L 660 L     2500 L 2500 L 
0-CS 190 L 140 L 240 L   140 L 400 L/660 L 660 L     2500 L 2500 L 
2-WtE 140 L 140 L 240 L   140 L 400 L/660 L 660 L   400 L 2500 L 2500 L 
2-CS 140 L 140 L 240 L   140 L 400 L/660 L 660 L   400 L 2500 L 2500 L 
3-WtE 190 L     240 L 140 L 400 L/660 L   400 L/660 L       
3-CS 190 L     240 L 140 L 400 L/660 L   400 L/660 L       
5-WtE 140 L     240 L 140 L 400 L/660 L   400 L/660 L 400 L     
5-CS 140 L     240 L 140 L 400 L/660 L   400 L/660 L 400 L     
In the case of single-family residences one bin for each collected stream is allocated to each individual 
residence, while for multi-family residences the number of families connected to the larger bins was 
calculated. In the latter case, it was assumed that on average there is a 50:50 distribution, in the region, of 
residences that use 0.40 m3 and 0.66 m3 bins. The number of families connected to one bin was then 
calculated based on the size of bins, number of emptying/collections per year and the volume of the 
collected waste stream. For both types of residences, the frequency of collection was calculated  based on 
the amount of waste generated per year, accounted in volume, with the assumption that bins are filled 70-
80 % upon collection. Collection frequencies and number of families connected to one bin are presented in 
Table 23 and Table 24. 
In the existing collections schemes in the region, cube collection of paper and glass is implemented in 
several municipalities. It was assumed that on average 200 residences are connected to one cube, which is 
collected every month. The number of cubes needed was then calculated based on the total quantity of 
paper and glass collected in the cube system in 2013. 
Table 23: Collection frequencies (no. /year) 
 Single-family kerbside Multi-family kerbside Cube system 
System Residual  
 
Paper Other Dual-
stream 
Biowaste Residual  Paper Dual-
stream 
Biowaste Paper/ 
Card 
Glass 
0-WtE 26 13 13   26 26 13     13 13 
0-CS 26 13 13   26 26 13     13 13 
2-WtE 26 13 13   26 26 13   52 13 13 
2-CS 26 13 13   26 26 13   52 13 13 
3-WtE 26     13 26 26   13       
3-CS 26     13 26 26   13       
5-WtE 26     13 26 26   13 52     
5-CS 26     13 26 26   13 52     
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Table 24: Number of families connected to collection containers 
 Single-family kerbside Multi-family kerbside Cube system 
System Residual  
 
Paper Other Dual-
stream 
Biowaste Residual  Paper Dual-
stream 
Biowaste Paper/ 
Card 
Glass 
0-WtE 1 1 3   1 7 15     200 200 
0-CS 1 1 3   1 7 15     200 200 
2-WtE 1 1 3   1 9 15   30 200 200 
2-CS 1 1 3   1 9 15   30 200 200 
3-WtE 1     1 1 8   8       
3-CS 1     1 1 8   8       
5-WtE 1     1 1 10   8 30     
5-CS 1     1 1 10   8 30     
 
Collection costs 
Collection costs in this analysis included investment and maintenance of collection containers (different 
size bins and cubes) and container emptying prices. The latter accounts for investment and operational 
costs (i.e. fuel, salaries, maintenance) related to collection trucks. Base data was taken from Møller et al. 
(2013) and corroborated with data provided by municipalities in the region (e.g. Odense, Kerteminde, 
Assens, Faaborg-Midtfyn and Svenborg). 
Additional costs, which have not been included in this study, are related to plastic or paper bags used in 
collection and costs related to information campaigns in the introduction of new collection schemes.  
Table 25: Main costing parameters for waste collection 
  
Volume Price Lifetime Capital 
expense 
Maintenance Emptying 
price 
  m
3
 kr./container years kr./year kr./container/year kr./emptying 
Kerbside bin 0.14 190 8 28 8 12 
Kerbside bin 0.19 220 8 33 9 13 
Kerbside bin 0.24 240 8 36 10 14 
Kerbside 2-
compartment bin 0.24 350 8 52 14 15 
Kerbside bin 0.40 800 8 119 32 22 
Kerbside bin 0.66 900 8 134 36 23 
Cubes paper 2.50 5500 10 678 220 100 
Cubes glass 2.50 6000 10 740 240 100 
 
3.1.3.2 Long distance transport costs 
Unit costs (kr./tonne*km) were based on the work of COWI (Møller et al., 2013) and they account for 
differences in truck load and truck type used in the transportation. If transport to the first process in the 
system was less than 15 km, it was included in the price of emptying bins.  
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Table 26: Distance and cost of long-distance transport 
  Cost Transfer share and 
distances 
Final treatment 
distances 
Transfer 
costs 
Final treatment costs 
   Share Distance System 0-2 System 3-5  System 0-2 System 3-5 
 Kr./tonne*km %collected km km  km kr./tonne Kr./tonne Kr./tonne 
Paper 0.28 50 % 50 300 200 14 84 56 
Cardboard 0.32 50 % 50 300 200 16 96 64 
Foil plastics 0.35 -  - 570 460  - 200 161 
Hard plastic  
(polymer) 
0.35  -  -  - 460  -  - 161 
Hard plastic mix 0.35  -  - 570  -  - 200  - 
Fe-metals 0.02  -  - 7500 7500  - 150 150 
NF-metals 
(Al, heavy NF) 
0.28  -  - 700 700  - 196 196 
Glass 0.28  -  - 100 200  - 28 56 
Metal mix 0.28 50 % 50  -  - 14  -  - 
Digestate 0.43     10  10  - 4.3 4.3 
Biowaste 0.28 100 % 100  -  - 28  -  - 
Residual waste 0.28 50 % 50  -  - 14  -  - 
Dual-stream 0.32 100 % 150  -  - 48  -  - 
 
3.1.3.3 Costs associated with sorting and waste treatment 
The cost of treatment for the different plants and their capcities are presented in Table 27.  
Table 27: Investment and processing costs for the different waste treatment plants 
    Capacity Investment CAPEX OPEX Total cost Total cost 
 Facil ity unit unit/year mill ion kr. mill ion 
kr./year 
mill ion 
kr./year 
mill ion 
kr./year 
kr. /unit 
Recycling centre tonnes w.w. n.a n.a n.a n.a   400 
Paper sorting and balling tonnes w.w. 50,000 30.00 2.50 3.50 6.00 120 
Metal sorting  tonnes w.w. n.a n.a n.a n.a   50 
Dual-stream 1 tonnes w.w. 100,000 40.00 3.33 4.67 8.00 80 
Dual-stream 2 tonnes w.w. 50,000 89.28 11.16 22.32 33.48 670 
Organics pulper tonnes w.w. 60,000 36.90 4.30 4.14 8.44 141 
CS-ADwet tonnes w.w. 100,000 126.57 16.97 23.90 40.87 409 
CS-ADdry tonnes w.w. 100,000 208.74 22.97 25.81 48.78 488 
CS-Biodry tonnes w.w. 100,000 159.42 18.98 24.23 43.21 432 
Incineration tonnes w.w. 200,000 1000.00 73.58 69.00 142.58 792 
Biogas plant (CS-ADwet) tonnes w.w. 300,000 82.50 6.07 7.60 13.67 46 
Biogas plant (separate 
collection) tonnes w.w. 300,000 82.50 6.07 7.60 13.67 46 
Biogas upgrading  Nm
3
 8,000,000 20.69 2.55 1.55 4.10 0.51 
Gas motor  MWh el. 49,800 77.30 5.69 3.41 9.10 183 
Digestate dewatering tonnes TS n.a n.a n.a n.a   2000 
Sludge incineration tonnes w.w. n.a n.a n.a n.a   450 
Composting facil ity tonnes w.w. n.a n.a n.a n.a   200 
District heating boiler (RDF) GJ 1,440,000 409.20 30.11 35.79 65.90 46 
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Material quality control and sorting plants 
The cost of using the recycling centres was estimated to an average 400 kr. per tonne waste. This cost 
covers capital and operational expenditure only, and does not cover disposal costs (since recyclable 
materials are not disposed of) or revenues from material sales. The main information sources were the 
benchmarking report by RenoSam (RenoSam, 2011) and information delivered by the municipalities. 
The cost of quality check and bailing of paper (by operators such as Marius Pedersen A/S) and the cost of 
sorting the dual-stream mixture of paper, cardboard and plastic foil, were based on different size paper 
sorting plants presented in Møller at al. (2013) and Jakobsen et al. (2014).  
The cost to sort the dual-stream mixture of metals, glass and plastics was estimated based on costs 
associated with a medium size packaging sorting plant in Germany (Cimpan et al., 2015b).  
Waste incineration 
A number of different sources were used to estimate investment and operational costs for incineration.  
First, it has to be stated that the actual costs of incinerating waste in the three existing plants in the region 
has not been used in this economic assessment. The costs used reflect (similar to the central sorting plant) 
the establishment and running of a new plant with a capacity of 200,000 tonnes/year. The main 
information sources were the Energistyrelsen’s technology catalogue (DEA and Energinet, 2012), the 
benchmarking report by RenoSam (RenoSam, 2011) and project data collected at SDU from facilities such 
as Reno-Nord (Aalborg). 
Secondly, it was assumed that when less residual waste is available in the system, the cost to process 
remaining waste will not be affected. This is based on the condition that incineration capacity will always be 
used, in this case for example with waste imported from outside Denmark. 
Biowaste pre-treatment and digestion 
Economic data on biowaste pre-treatment by pulping (Ecogi/Cellwood) could be found in the report by 
Niras (2013).  
As a baseline it was assumed for all systems with biogas production that the capacity of the biogas plants 
was not constrained by the amount of organics used in the system for biogas production. This means that 
we have not considered the establishment of relatively small dedicated plants for the organics separated in 
the systems. Quite the contrary, it was assumed that biowaste is transported around 100 km to a large 
(300,000 tonnes/year) facility placed in Jutland, where both the pre-treatment and digestion takes place. 
Similarly, it was assumed that organics separated in the central sorting process for wet digestion (CS-
ADwet), are added to a larger facility (300,000 tonnes/year) which could also be treating sewage sludge.  
Investment and operational costs for biogas plants were based on the report made for the Energistyrelsen’s 
Biogas Taskforce by Ea Energianalyse (Ea Energianalyse, 2014). 
Biogas upgrading and utilization 
The biogas produced in the systems was upgraded to natural gas quality, pressurized and fed into the gas 
grid. The upgrade can be done at the biogas plants or in one or more major upgrade facilities. Besides 
actual upgrading, the process includes pressurizing the biomethane to pressure in the natural gas network 
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(40 bars at major up-grading facilities), equipment for measuring gas quality, odorisation and the 
connection to the grid. The costs to the service line were not included as they are heavily dependent on the 
actual distance from the biogas plant to natural gas network. 
The capacity of upgrading facilities is typically given in Nm3 biogas on the input side. The capacity is here 
counted on an operating capacity in Nm3 CH4 on the input side assuming an oversizing of just over 10% of 
the throughput production, taking into account that biogas production will never be completely constant. 
The 10% oversizing corresponds to approximately 8000 full load hours at full planned load. In this work it 
was considered that the upgrading facility is rather large, having the capacity of 1000 Nm3 biogas/h. A total 
investment, including upgrading, methane oxidation and gas network injection (compression of 7 bar 
(outlet pressure from the water scrubber system) to 40 bar (network pressure)) of 35,000 kr./Nm 3 CH4/h 
was used according to Ea Energianalyse (2014). 
Biomethane is assumed used for production of flexible electricity (and heat) by combustion in gas motors. 
Investment and operational costs were based on Energistyrelsen’s Technology catalogue.  
Central sorting 
CS-ADwet investment and operational cost data presented in Table 27, accounts for mechanical processing 
and refining of separated organics in a pulper. In this central sorting variant, digestion is not directly 
included in the costs of the central sorting plant. CS-ADdry accounts for mechanical processing and dry 
digestion, while CS-Biodry accounts for mechanical processing and biological drying units.  
The investment and operational costs are based on a techno-economic model established at SDU, which is 
unpublished at the moment this work takes place. 
3.1.3.4 Material sales price data 
The price interval of variation considered in this study and the average prices used to estimate revenues 
from material sales are presented in Table 28. 
Table 28: Material prices  
 Materials from separate collection Materials from central sorting 
  Low limit 
(kr./tonne) 
High limit 
(kr./tonne) 
Average used 
(kr./tonne) 
Low limit 
(kr./tonne) 
High limit 
(kr./tonne) 
Average used 
(kr./tonne) 
Paper 500 1000 750       
Cardboard 400 800 600       
Foil  plastics 400 2000 1200 300 1500 900 
Hard plastic (polymer) 1000 2500 1750 700 2000 1350 
Hard plastic mix -2000 0 -1000       
Fe-metals 1000 1500 1250 400 800 600 
NF-metals (Al, heavy NF) 4000 8000 6000 2000 4000 3000 
Glass -100 -50 -75       
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3.1.3.5 Energy and energy feedstock price data 
All future energy or fuel prices were calculated as socio-economic prices and therefore do not include taxes 
and subsidies. It should be emphasized that the price estimates are subject to great uncertainty, however 
the methods and sources behind the estimations are presented transparently unde r this section. 
Table 29: Energy and energy feedstock prices in the three time perspectives 
    Present 
2012-2020 
Mid-term 
2020-2035 
Long-term 
2035-2050 
 
Energy prices unit kr./unit kr./unit kr./unit Source 
Electricity continuous MWh 290 430 500 Energinet.dk 
Electricity flexible MWh 290 500 590 Energinet.dk 
Heat continuous GJ 73 67 74 Own calculation based on marginal  
Heat flexible GJ 73 80 88 Own calculation based on marginal  
Feedstock prices unit kr./unit kr./unit kr./unit Source 
Natural gas GJ 70 77 82 DEA (2014) 
Natural gas Nm
3
 2.8 3.1 3.3 Based on LHV of natural gas  
Biomethane Nm
3
 2.8 3.1  Assuming the same value as natural gas  
SNG from biomass GJ   200 Tunå and Hulteberg (2014) and 
unpublished data from Ea Energianalyse 
Biomethane  Nm
3
   6.4 Calculated based on 2/3 SNG and 1/3 
natural gas 
Straw GJ 41 52 56 DEA (2014) and Bang et al. (2013) 
Wood chips GJ 50 60 65 DEA (2014) and Bang et al. (2013) 
 
Future electricity and heat production prices 
The current electricity price is taken as an average from Nord Pool Spot market for 2013. Price levels for 
2035 were estimated based on simulated time series by Energinet.dk. The simulations were based on a 
scenario where the Danish environmental policy is slightly more ambitious than the current European 
agenda and that Denmark maintains the level of collaboration with other European countries that exists 
today. 
Just like with the marginal electricity production used in the carbon footprint assessment, in the Present 
time perspective no difference (price) was assumed between flexible and continuous electricity production. 
Due to high penetration of wind and solar electricity by 2035, it was estimated that around 50 % of the 
time in a year, all electricity demand would be met by wind and solar production (surplus conditions), and 
the remaining 50 % it would be necessary to employ other production means (deficit conditions). Naturally, 
there are substantial price differences between periods with deficit and surplus electr icity. Based on the 
price projection from Energinet.dk, we have taken the 2035 year average as the price/value for continuous 
electricity production from waste, and the average of the deficit periods as the price/value for flexible 
electricity production. No price projections exist for 2050, motivated by large uncertainty. In order to 
account for possible price increases between 2035 and 2050, we have made the rough assumption that the 
2035 average of the deficit periods could represent the price for continuous electricity in 2050, while for 
flexible electricity we have taken an average price representing the 5 % of the same year with the highest 
market prices. 
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Heat production in the waste management system replaces district heating produced from other sources. 
District heating production prices in the three time perspectives were based on the marginal heat assumed 
for the period (either continuous or flexible), and are determined by summing up production costs and 
feedstock prices (as delivered to the heat plant). Production costs for district heating based on natural gas, 
biomass and based on electric heat pumps are presented in Table 30, while feedstock price projections are 
presented in Table 29. 
Table 30: Production costs for district heating 
    Capacity Investment CAPEX OPEX Total cost Total cost 
Facil ity unit unit/year mill ion kr. mill ion 
kr./year 
mill ion 
kr./year 
mill ion 
kr./year 
kr. /unit 
District heating boiler, wood-chips GJ 345,600 71.42 5.26 3.86 9.11 26 
District heating boiler, gas  GJ 288,000 7.44 0.55 0.28 0.82 3 
District heating, heat pump GJ 288,000 50.59 3.72 0.41 4.13 14 
 
Future natural gas prices 
The current gas price is based on the market price on Gaspoint Nordic prices. The future natural gas price is 
based on the New Policy Scenario in the report World Energy Outlook 2013 published by the International 
Energy Agency. The prices projected from 2015 to 2035 and converted in Danish kroner (kr./GJ) were 
published by the Danish Energy Agency (DEA, 2014). The prices include transport and other fees as 
delivered at a Danish power plant. The average yearly price increase between 2015 and 2035 was assumed 
to continue towards 2050. 
In the costing alternative where biomethane is directly sold on the market, and therefore the energy 
production itself is not accounted, it was assumed that the maximum value that the biomethane can earn is 
the price of natural gas. 
Future biomass prices (wood chips and straw) 
Current prices for wood chips (and straw) and projections between 2012 and 2050 were based on DEA 
(2014) and Bang et al. (2013). The prices include all fees including transport to the gate of a Danish power 
plant. The basis of the projection is an assumption of a regional and global demand for biomass for energy 
as described in the New Policy scenario in the IEA publication World Energy Outlook 2012.  
Future SNG from biomass 
According to the assumptions taken in this study, In the Long-term (2035-2050) time perspective, 75% of 
the flexible electricity marginal is gas-based. Specifically, that is made up of 1/3 natural gas and 2/3 
biomass-based synthetic gas. In the costing alternative where biomethane is directly sold, it has then been 
assumed that biomethane would have the same value as the gas mixture in the flexible electricity marginal. 
The price for biomass-based SNG was estimated by summing together the cost for SNG production in Tunå 
and Hulteberg (2014) and the additional cost to upgrade CO2 by hydrogenation, according to calculation 
made by Ea Energianalyse (unpublished). 
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3.2 Results and discussion 
3.2.1 Overall results 
An overview of net yearly system costs is illustrated in Figure 34, in all three time periods. The net system 
cost was calculated by summing all system costs, followed by subtraction of all system revenues (from sale 
of functional outputs). A breakdown showing the contribution of different parts of a system is illustrated in 
Figure 35, for the first costing alternative, i.e. with biomethane utilization, while figures for the three other 
costing alternatives are placed in the appendix 3 of this report. 
In Figure 34, we can observe that net system costs for all systems were highest in the Present time 
perspective, and then decreased in the Mid-term and Long-term perspective. This was due to increased 
revenues in the future perspectives, which is motivated by higher prices/value of energy from waste. 
Although fuel and energy prices are expected to increase in the future, capital and operational expenditure 
are expected to remain close to present levels. With careful consideration for the cost parameters used in 
this work, some important aspects may be delineated below on the net system results: 
 System variants with central sorting tended to have a higher net system cost compared to system 
variants with direct incineration, except for CS-Biodry variants in the costing alternative where all 
RDF produced in the system is utilized for heat production. In fact, this variant under these 
conditions achieved a reduction in system costs compared to the incineration variants.  
 There was a high increase in costs from System 0 to System 2, 3 and 5, which was associated to the 
introduction of kerbside separate collection of biowaste and recyclable materials.  
 The net system cost difference between variants with incineration and variants with central sorting 
decreased significantly between the Present and the Long-term time perspective, and this was due 
to the increasing value of flexible energy considered in this work.  
 The costing alternative where the whole chain of energy production from biomethane was included 
(that is combustion of biomethane in a gas motor and sale of electricity and heat) appeared to 
incur higher costs than the costing alternative which considers only the direct sale of biomethane.  
 The costing alternative where RDF was considered used entirely for district heating production 
displayed a substantial net system cost decrease compared to the costing alternatives where RDF is 
used in CHP production. The cost difference is explained by (1) the lower processing costs of an RDF 
boiler compared to an CHP incineration plant, and (2) the higher energy efficiency considered for 
the RDF boiler (97 %) compared to the CHP (overall 84 %). 
 In the Long-term time perspective, and the costing alternative with biomethane sale and RDF used 
in for heat only, CS variants displayed the same system costs as WtE vari ants, thus completely 
overcoming cost differences visible in the Present and Mid-term. This was connected especially to 
the effect of revenues from biomethane sale, at the estimated value of synthetic gas (which was 
substantially higher than the value of natural gas). 
Page 86 of 96 
 
 
Figure 34: Overview of results from the economic analysis; net system costs 
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Regarding the individual contribution of different system components (Figure 35), the following can be 
commented: 
 The sum of total costs for the existing system that treated 157,000 tonnes of waste in the region in 
2013 was estimated at 190 million kr./year, while the total revenues from materials and energy 
sales were estimated to 90 million kr./year. 
 Collection costs made up the largest share of cost in all systems. Costs associated with collection 
amounted to 96 million kr./year in System 0 (existing collection in the region), 147 million kr./year 
in System 2 (addition of biowaste collection), 121 million kr./year in System 3 (addition of the dual-
stream) and 173 million kr./year in System 5 (addition of both biowaste and dual -stream 
collection). 
 Total system costs increased from 190 million kr./year (0-WtE) to a maximum of 283 million 
kr./year in system 5-CS-ADwet, while total revenues increase to a maximum of 114 million kr./year 
in the Long-term time perspective. Total costs and revenues for all systems, in the four costing 
alternatives are compiled in a table in Appendix 3. 
 In all systems, the variants CS-ADwet and CS-ADdry incurred the highest costs. The cost breakdown 
shows that this was connected to dewatering of digestate and/or incineration of digestate, which 
both have large unit costs. 
 CS-Biodry variants achieved costs and revenues similar to the WtE variants. With RDF directed to 
CHP use, net system costs were slightly higher (4-7 million kr./year) than WtE, while with RDF 
directed to a RDF heat boiler, net system costs were lower (3-9 million kr./year) compared to WtE. 
 The change from existing collection schemes for recyclable materials to the uniform dual -stream 
resulted in a near doubling of revenues from material sales (from 25 to 46 million kr./year). In 
addition, materials recovered directly from residual waste contributed between 7 and 12 million 
kr./year. Material prices are expected to increase in the future, however, this was not included in 
the analysis, and therefore revenues from material  sales were likely underestimated.  
 The costs to sort the dual-stream were calculated based on transport and processing in a large 
plant in Jutland, however, both mixed streams could be sorted locally, which would reduce costs 
while keeping all the revenues from material sales in the region. 
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Figure 35: Breakdown of system costs, in the costing alternative with biomethane utilization for electricity and heat production 
and RDF CHP (figures for the three other alternatives are in the appendix 3)  
 
Page 89 of 96 
 
3.2.2 The value of biowaste and RDF 
Taking into consideration strictly the costs associated with the combustion of RDF and the revenues  from 
the same of electricity and/or heat, a relative value of RDF to the CHP or district heating plant can be 
estimated. In a similar manner, the relative value for biogas produced by the bioslurry from biowaste can 
be estimated. The results per unit (tonne) are presented in Table 31. 
RDF has higher LHV compared to residual waste, which means that more energy can be produced per unit 
weight. In the same way, bioslurry from biowaste has a higher CH4 potential than for example manure, 
which means that more biomethane can be produced.   
In the case of RDF we found that its relative value fluctuated a lot (depending on its average LHV) and 
increased substantially from the Present to the Mid-term and finally to Long-term. At the same time RDF 
value was much higher when used in a district heating boiler compared to a waste CHP. The reasons for this 
were explained Section 3.2.1. 
In the case of bioslurry, its relative value was typically much lower than that of RDF, nevertheless, it still 
showed a potential value in the majority of cases. Its relative value was negative in the Present time 
perspective, with the costing alternative considering sale of electricity and heat. Its maximum value was 
achieved in the Long-term perspective, in the costing perspective with sale of biomethane (215 kr./tonne). 
On average, around 50 Nm3 CH4 are produced per tonne bioslurry, which would put the maximum value of 
bioslurry at 4.3 kr./Nm3. 
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Table 31: Relative value of RDF and bioslurry (negative numbers indicate a negative value)  
  Value of RDF Value of bioslurry (biowaste) 
  CHP Heat boiler Sale of energy  Sale of biomethane 
Present (2012-2020) kr./tonne kr./tonne kr./tonne kr./tonne 
0-CS-ADwet/ADdry 70 358   
0-CS-Biodry 47 349   
2-WtE   -9 47 
2-CS-ADwet/ADdry 105 373 -9 47 
2-CS-Biodry 64 356 -9 47 
3-CS-ADwet/ADdry 29 341   
3-CS-Biodry 28 340   
5-WtE   -9 47 
5-CS-ADwet/ADdry 76 361 -9 47 
5-CS-Biodry 53 351 -9 47 
Mid-Term (2020-2035) kr./tonne kr./tonne kr./tonne kr./tonne 
0-CS-ADwet/ADdry 240 451   
0-CS-Biodry 212 439   
2-WtE   25 60 
2-CS-ADwet/ADdry 281 469 25 60 
2-CS-Biodry 232 447 25 60 
3-CS-ADwet/ADdry 191 429   
3-CS-Biodry 189 428   
5-WtE   25 60 
5-CS-ADwet/ADdry 247 454 25 60 
5-CS-Biodry 219 442 25 60 
Long-term (2035-2050) kr./tonne kr./tonne kr./tonne kr./tonne 
0-CS-ADwet/ADdry 367 561   
0-CS-Biodry 336 546   
2-WtE   47 215 
2-CS-ADwet/ADdry 414 584 47 215 
2-CS-Biodry 359 557 47 215 
3-CS-ADwet/ADdry 312 535   
3-CS-Biodry 310 534   
5-WtE   47 215 
5-CS-ADwet/ADdry 375 565 47 215 
5-CS-Biodry 344 550 47 215 
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3.3 Conclusions to Part 3 
The budget-based economic analysis performed and reported in this section revealed that the economic 
performance of the existing waste management systems in the region and modelled alternative systems 
was dependent to a relatively high degree on the background conditions in Denmark and their predicted 
future development.  
In general, the analysis showed that if the value of functional outputs will increase in the future, in 
connexion with the predicted increase of fuel and energy prices, the total costs for the waste sector will 
likely decrease. In this analysis the net system costs decreased between the Present and the Long-term 
time perspective by a maximum of 20 %. The total decrease, in every case, was larger for systems which 
produced flexible electricity and heat. 
Collection of waste from households was the most costly part of the systems, in every case contributing 
with more than 50% of total system costs. There are probably avenues for optimization and therefore cost 
reduction, therefore the collection costs in this work could be slightly overestimated. Collection of the dual-
stream throughout the region was more cost effective than biowaste collection.   
The system CS-Biodry, where all residual waste is converted to storable RDF, was indicated as the least 
expensive in all three time periods, possibly even achieving savings compared to today’s system in the 
region.  
Both RDF and bioslurry produced from biowaste have a potential relative value, when considering their 
further use to produce district heating and biomethane. This relative value increases significantly in t he 
future due to the possibility to use RDF and biomethane to produce flexible electricity and heat.  
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